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INTRODUCTION.

Tre northern regions of the United States of North America, probably possess
a greater amount of water-power than any other part of the world of equal
extent, and the active and inventive genius of the Ameriean people, combined
with the very high price of labor, has had a powerful influence in bringing this
power into use. Nevertheless, the water-power is so vast, compared with the pop-
ulation, that only a small portion of it has, up to this time, been applied to the
purposes of man. It was estimated, not long since, that the total useful effect
derived from water-power in France, was about 20,000 horse-power. An amount
of power far exceeding this, is already derived from the Merrimack River and
its branches, in Massachusetts and New Hampshire. What must be the amount
of the population and wealth of the Northern States, when the other rivers that
water them are equally improved?

One of the earliest and most successful efforts to bring into use, in a sys-
tematic manner, one of the larger water-powers, was made at Lowell in Massa-
chusetts; where, in 1821, a number of farms situated near Pawtucket Falls on
the Merrimack River, were purchased by several capitalists of Boston, who obtained
a charter from the State of Massachusetts under the name of The Merrimack
Manufacturing Company. In 1826, the property was transferred to the .Propriefors
of the Locks and Canals on Merrimack River, a corpo’ration chartered in 1792 for
the purpose of improving the navigation of the Merrimack River. Previously to
the transfer, the Merrimack Manufacturing Company had erected a dam of about
950 feet in length, at the head of Pawtucket Falls, and had also enlarged the
Pawtucket Canal, which was originally constructed, previously to the year 1800,

by the Proprietors of the Locks and Canals on Merrimack River, for the purposes
B



- INTRODUCTION.

of navigation. Subsequently to the enlargement, however, this canal has been
used both for purposes of navigation, and to supply water to the wheels of
numerous manufacturing establishments.

The dam at the head of Pawtucket Falls, in the ordinary state of the river,
deadens the current of the river for about 18 miles, forming, in low water, a
reservoir of about 1120 acres; this extensive reservoir is of great value in very
low stages of the river, as it affords space for the accumulation of the flow of
the river during the night, when the manufactories are not in operation. This
accumulation is subsequently drawn off, together with the natural flow of the
river, during the usual working hours.

The total fall of the Merrimack River at Pawtucket Falls, in ordinary low
water, is about 35 feet, of which about 2 feet is lost in consequence of the
descent in the canals, leaving a net fall of about 33 feet. About } of the water
is used on the entire fall, and the remainder is used twice over, on falls of about
14 and 19 feet respectively. The water-power has been granted by the Propri-
etors of the Locks and Canals on Merrimack River, in definite quantities called
Mill Powers, which are equivalent to a gross power of a little less than 100
horse-power each. Grants have been made to eleven manufacturing companies,
who have an aggregate capital, somewhat exceeding thirteen millions of dollars.
Thus, to the Merrimack Manufacturing Company, there have been grantea 243
mill powers, each of which consists of the right to draw, for 15 hours per day,
25 cubic feet of water per second on the entire fall. Up to this time, there
have been granted at Lowell 1393} mill powers, or a total quantity of water
equal to 3595.933 cubic feet per second. A large portion of this water is used
on turbines of a very superior description, and nearly all the remainder, on breast
wheels of good construction, a portion of which, however, do not use quite the
whole of the fall on which they are placed. We may, however, assume that,
upon an average, a useful effect is derived, equal to § of the total power of
the water expended. Calling the fall 33 feet, and the weight of a cubic foot
of water 62.33 pounds, we shall have for the effective power derived from the
water-power granted by the Proprietors of the Locks and Canals on Merrimack
River at Lowell,

8595.938 % 62.83 X 83 X § __
550 -

8965.4 horse-power.
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In consequence of the success attending the improvement of the wa,tér-power
at Lowell, several other extensive water-powers in New England have been brought
into use in a similar manner. Some of these undertakings have been quite suc-
cessful, whilst with others, as yet only partially developed, the success has not
been so decided.

The great abundance of water-power in this country has had a strong ten-
dency to encourage its extravagant use; the machines used in the manufactories
are usually great consumers of power; the ability of a machine to turn off the
greatest quantity of work with the least manual labor, and in the /least fime, has
been the point mainly considered; and whether it required a greater or less
amount of power, has been a secondary consideration. '

The engineering operations connected with the water-power at Lowell, have
frequently demanded more definite information on certain points in hydraulics,
than was to be found in any of the publications relating to that science; and
hence has arisen the necessity, from time to time, of makihg special experiments
to supply the required information. Whenever such emergencies have arisen, the
officers who have the general care of the interests of the several corporations,
with a liberality founded on enlarged views of the true interests of the bodies
they represent, have always been willing to defray such expenses as were neces-
sary, in order that the experiments might be made in a satisfactory manner.

The experiments recorded in the following pages, are a selection from those
made by the author, in the discharge of his duty, as the Engineer of the Cor-
porations at Lowell. They may be divided into two classes, namely, Firs!, those
on hydraulic motors, and, second, those on the flow of water over weirs, and in
short rectangular canals. Combined with the description of the experiments, there
are also given some other investigations, which may appear somewhat out of
place, but which, from their utility or novelty, will be found interesting to many
persons who have cultivated the science of hydraulics.

The unit of length adopted in this work, is the English foot according to a
brass standard measure made by Cary of London, now in the possession of the
Lowell Machine Shop.






HYDRAULIC EXPERIMENTS.

PART I.

EXPERIMENTS ON HYDRAULIC MOTORS.

EXPERIMENTS UPON THE TREMONT TURBINE.

1. Unrn within a few years, the water-wheels in use in the principal manufac-
turing establishments in New England, were what are there generally called breast
wheels, sometimes known also by the name of pilch back wheels. They are the same in
principle as the overshot-wheel, the useful effect being produced, almost entirely, by the -
simple weight of the water in the buckets, and differing only from the overshot-wheel
in this, that the water is not carried entirely over the top of the wheel, but is let
into the buckets near the top, but on the opposite side from that adopted for the
overshot-wheel. An apron, fitting as closely as practicable to the wheel, is used to
prevent the water leaving the buckets, until it reaches very nearly the bottom of
the wheel

. In Lowell, these wheels have been constructed principally of wood, many of
them of very large dimensions. Those in the mills of the Merrimack Manufacturing
Company, for instance, are thirty feet in diameter, with buckets twelve feet long. Four
of the mills belonging to this company, have two such wheels in each of them.

Until the year 1844, the breast wheel, as above described, was considered here
the most perfect wheel that could be used. Much prejudice existed here, as elsewhere,
against the reaction wheels; a great number of which had, however, been used
throughout the country, in the smaller mills, and with great advantage; for, although
they usually gave a very small effect in proportion to the quantity of water expended,
their cheapness, the small space required for them, their greater velocity, being less

1



2 EXPERIMENTS UPON THE TREMONT TURBINE.

impeded by backwater, and not requiring expensive wheelpits of masonry, were very
important considerations; and in a coantry where water power is so much more
abundant than capital, the economy of money was generally of greater importance
than the saving of water.

A vast amount of ingenuity has been expended by intelligent millwrights, on
these wheels; and it was said, several years since, that not less than three hundred
patents relating to them, had been granted by the United States Government. They
continue, perhaps as much as ever, to be the subject of almost innumerable modifica-
tions. Within a few years, there has been a manifest improvement in them, and there
are now several varieties in use, in which the wheels themselves are of simple forms,
and of single pieces of cast-iron, giving a useful effect approaching sixty per cent. of
the power expended.

2. The attention of American enginecers was directed to the improved reaction
water-wheels in use in France and other countries in Europe, by several articles in the
Journal of the Franklin Institute; and in the year 1843, there appeared in that
journal, from the pen of Mr. Ellwood Morris, an eminent engineer of Pennsylvania,
a translation of a French work, entitled, Ezperiments on water-wheels having a vertical azis,
called turbines, by Arthur Morin, Captain of Artillery, efc. ete. In the same journal, Mr.
Morris also published an account of a series of experiments, by himself, on two turbines
constructed from his own designs, and then operating in the neighborhood of Phila-
delphia. 4 :

The experiments on one of these wheels, indicate a useful effect of seventy-five per
cent. of the power expended, a result as good as that claimed for the practical effect
of the best overshot-wheels, which had, heretofore, in this country, been considered
unapproachable, in their economical use of water.

3. In the year 1844, Uriah A. Boyden, Esq., an eminent hydraulic engineer
of Massachusetts, designed a turbine of about seventy-five horse-power, for the Pick-
ing House of the Appleton Company’s cotton-mills, at Lowell, in Massachusetts, in
which wheel, Mr. Boyden introduced several improvements, of great value.

The performance of the Appleton Company’s turbine, was carefully ascertained
by Mr. Boyden, and its effective power, exclusive of that required to carry the wheel
itself, a pair of bevel gears, and the horizontal shaft carrying the friction pulley of a
Prony dynamometer, was found to be seventy-eight per cent. of the power expended.

4. In the year 1846, Mr. Boyden superintended the construction of three tur-
bines of about one hundred and ninety horse-power each, for the same company. By
the terms of the contract, Mr. Boyden’s compensation depended upon the perform-
ance of the turbines, and it was stipulated that two of them should be tested. The
contract also contained the following clause, “and if the mean power derived from
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these turbines be seventy-eight per cent. of the power of water expended, the Apple-
ton Company to pay me twelve hundred dollars for my services, and patent rights
for the apparatus for these mills; and if the power derived be greater than seventy-
eight per cent., the Appleton Company to pay me, in addition to the twelve hundred
dollars, at the rate of four hundred dollars for every one per cent. of power, obtained
‘above seventy-eight per cent” In accordance with the contract, two of the turbines
were tested, a very perfect apparatus being designed by Mr. Boyden for the purpose,
consisting, essentially, of a Prony dynamometer to measure the useful effects, and
a weir to gauge the quantity of water expended.

5. A great improvement in the mode of conducting hydraulic experiments was
here adopted, in making each set of observations continuous, the time of each obser-
vation being noted; thus, the observer who noted the height of the water above the
wheel, recorded regularly, say every thirty seconds, the time and the height; and so
with the other observers, the recorded times furnishing the means of afterwards identi-
fying simultaneous observations.

6. The observations were put into the hands of the author, for computation,
who found that the mean maximum effective power of the two turbines tested, was
eighty-eight per cent. of the power of the water expended. .

According to the terms of the contract, this made the compensation for engineering
services, and patent rights for these three wheels, amount to fifty-two hundred dollars,
which sum was paid by the Appleton Company without objection.

7. These turbines have now been in operation about eight years, and their per-
formance has been, in every respect, entirely satisfactory. The iron-work for these
wheels was constructed by Messrs. Gay and Silver, at their machine shop at North
Chelmsford, near Lowell ; the workmanship was of the finest description, and of a deli-
cacy and accuracy altogether unprecedented in constructions of this class.

8. These wheels, of course, contained Mr. Boyden’s latest improvements, and it
was evidently for his pecuniary interest that the wheels should be as perfect as possible,
without much regard to cost. The principal points in which one of them differs from
the constructions of Fourneyron, are as follows.

9. The wooden flume, conducting the water immediately to the turbine, i3 in the form of
an inverted truncated cone, the water being introduced into the wpper part of the cone, on one
side of the axis of the cone (which coincides with the axis of the turbine) in such a manner,
" that the water, as it descends in the cone, has a gradually increasing velocity, and a spiral
motion ; the horizontal component of the spiral motion being tn the direction of the motion of the
wheel. This horizontal motion is derived from the necessary velocity- with which the
water enters the truncated cone; and the arrangement is such that, if perfectly propor-
tioned, there would be no loss of power between the nearly still water in the principal
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penstock and the guides or leading curves near the wheel, except from the friction
of the water against the walls of the passages. It is not to be supposed that the
construction is so perfect as to avoid all loss, except from friction; but there is, without
doubt, a distinct advantage in this arrangement over that which had been usually
adopted, and where no attempt had been made to avoid sudden changes of direction
and velocity.

10. The guides, or leading curves, are not perpendicular, but a Uitle inckned backwards
Srom the direction of the motion of the wheel, so that the waler, descending with a spiral motion,
mecls only the edges of the guides. This leaning of the guides has also another valuable
effect; when the regulating gate is raised only a small part of the height of the wheel,
the guides do not completely fulfil their office of directing the water, the water entering
the wheel more nearly in the direction of the radius, than when the gate is fully raised;
by leaning the guides, it will be seen that the ends of the guides, near the wheel, are
inclined, the bottom part standing further forward, and operating more efficiently in
directing the water, when the gate is partially raised, than if the guides were perpen-
dicular. '

11. In Fourneyron’s constructions, a garniture is attached to the regulating gate,
and moves with it, for the purpose of diminishing the contraction ; this, considered
apart from the mechanical difficulties, is probably the best arrangement; to be perfect,
however, theoretically, this garniture should be of different forms for different heights
of gate; but this is evidently impracticable. .

In the Appleton Turbine, the garniture i3 attached to the guides, the gate (at least the lower
part of &) being a simple thin cylinder. By this arrangement, the gate meets with much

less obstruction to its motion than in the old arrangement, unless the parts are so -

loosely fitted as to be objectionable ; and it is believed that the coefficient of effect,
for a partial gate, is proportionally as good as under the old arrangement.

12.  On the outside of the wheel is filted an apparatus named, by Mr. Boyden, the Diffuser.
The object of this extremely interesting invention, is to render useful a part of the
power otherwise entirely lost, in consequence of the water leaving the wheel with
a considerable velocity. It consists, essentially, of two stationary rings or discs, placed
concentrically with the wheel, having an interior diameter a very little larger than
the exterior diameter of the wheel; and an exterior diameter equal to about twice
that of the wheel; the height between the discs, at their interior circumference, is
a very little greater than that of the orifices in the exterior circumference of the wheel,
and at the emterior circumference of the discs, the height between them is about twice
as great as at the interior circumference; the form of the surfaces connecting the
interior and exterior circumferences of the discs, is gently rounded, the first elements
of the curves, near the interior circumferences, being nearly horizontal. There is con-
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sequently, included between the two surfaces, an aperture gradually enlarging from
the exterior circumference of the wheel, to the exterior circumference of the diffuser.
When the regulating gate is raised to its full height, the section, through which the
water passes, will be increased by insensible degrees, in the proportion of one to four,
and if the velocity is uniform in all parts of the diffuser at the same distance from the
wheel, the velocity of the water will be diminished in the same proportion; or its
velocity on leaving the diffuser, will be one fourth of that at its entrance. By the
doctrine of living forces, the power of the water in passing through the diffuser must,
therefore, be diminished to one sixteenth of the power at its entrance. It is essential
to the proper action of the diffuser, that it should be entirely under water; and the
power rendered useful by it, is expended in diminishing the pressure against the water
‘issuing from the exterior orifices of the wheel; and the effect produced, is the same
as if the available fall under which the turbine is acting, is increased a certain amount.
It appears probable that a diffuser of different proportions from those above indicated,
would operate with some advantage without being submerged. It is nearly always
inconvenient to place the wheel entirely below low-water-mark; up to this time,
however, all that have been fitted up with a diffuser, have been so placed; and, indeed,
to obtain the full effect of a fall of water, it appears essential, even when a diffuser
is not used, that the wheel should be placed below the lowest level to which the
water falls in the wheelpit, when the wheel is in operation.

The action of the diffuser depends upon similar principles to that of diverging
conical tubes, which, when of certain proportions, it is well known, increase the
discharge ; the author has not met with any experiments on tubes of this form,
- discharging under water, although, there is good reason to believe, that tubes of greater
length and divergency would operate more effectively under water, than when discharg-
ing freely in the air; and that results might be obtained, that are now deemed impossible
by most engineers.

Experiments on the same turbine, with and without a diffuser, show a gain in
the coefficient of effect, due to the latter, of about three per cent. By the principles
of living forces, and assuming that the motion of the water is free from irregularity,
the gain should be about five per cent. The difference is due, in part at least, to the
unstable equilibrium of water, flowing through expanding apertures; this must interfere
with the uniformity of the velocities of the fluid streams, at equal distances from
the wheel.

13.  Suspending the wheel from the top of the vertical shaft, instead of runkt'ng it on a step
at the bottom. This had been previously attempted, but not with such success as to
warrant its general adoption. It has been accomplished with complete success by
Mr. Boyden, whose mode is, to cut the upper part of the shaft into a series of necks,



6 EXPERIMENTS UPON THE TREMONT TURBINE.

and to rest the projecting parts upon corresponding parts of a box. A proper fit is
secured by lining the box, which is of cast-iron, with babbitt metal, a soft metallic
composition consisting, principally, of tin; the cast-iron box is made with suitable pro-
jections and recesses to support and retain the soft metal, which is melted and poured
into it, the shaft being at the same time in its proper position in the box. It will
readily be seen that a great amount of bearing surface can be easily obtained by this
mode, and also, what is of equal importance, it may be near the axis; the lining
metal, being soft, yields a little if any part of the bearing should receive a great
excess of weight. The cast-iron box is suspended on gimbals, similar to those usually
adopted for mariners’ compasses and chronometers, which arrangement permits the
box to oscillate freely in all directions, horizontally, and prevents, in a great measure,
all danger of breaking the shaft at the necks, in consequence of imperfections in the
workmanship, or in the adjustments. Several years’ experience has shown, that this
arrangement, carefully constructed, is all that can be desired; and that a bearing thus
constructed, is as durable, and can be as readily oiled, and taken care of, as any of the
ordinary bearings in a manufactory.

14. The buckets are secured to the crowns of the wheel in a novel, and much
more perfect manner, than had been previously used; the crowns are first turned to
the required form, and made smooth; by ingenious machinery devised for the purpose,
grooves are cut with great accuracy in the crowns, of the exact curvature of the
buckets; mortices are cut through the crowns, in several places in each groove; the
buckets, or floats, are made with corresponding tenons, which project through the crowns,
and are riveted on the bottom of the lower crown, and on the top of the upper crown ;
this construction gives the requisite strength and firmness, with buckets of much thinner
iron than was necessary under any of the old arrangements; it also leaves the passages
through the wheel entirely free from injurious obstructions.

15. Mr. Boyden has also designed a large number of turbines for different man-
ufacturing establishments in New England, many of them under contracts similar to
that with the Appleton Company, and has accumulated a vast number of valuable ex-
periments and observations upon them, which, it is to be hoped, he will find time to
prepare for publication; as such opportunities but rarely occur to engineers so able
to profit by them.

16. In the year 1849, the Manufacturing Companies at Lowell purchased of Mr.
Boyden, the right to use all his improvements relating to turbines and other hydraulic
motors. Since that time it has devolved upon the author, as the chief engineer of these
companies, to design and superintend the construction of such turbines as might be
wanted for their manufactories, and to aid him in this important undertaking, Mr.
Boyden has communicated to him copies of many of his designs for turbines, together
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with the results of experiments upon a portion of them; he has communicated, how-
ever, but little theoretical information, and the author has been guided, principally, by
a comparison of the most successful designs, and such light as he could obtain from
writers on this intricate subject.

17. The first designs, prepared by the author, after the arrangement with Mr.
Boyden was entered into, were for four turbines of essentially the same dimensions;
namely, two for the Suffolk Manufacturing Company, and two for the Tremont Mills,
for the purpose of furnishing power for the cotton-mills of these companies at Lowell.
These turbines were constructed at the Lowell Machine Shop, and were completed in
January, 1851.

For the purpose, principally, of estimating the success of these turbines, one of
them was fitted up with a complete apparatus for measuring its power, and gauging
the quantity of water discharged; the gauging apparatus was afterwards used to make
the experiments on the discharge of water over weirs of different proportions, for the
purpose of determining, practically, some of the relations required to be known, in
order to compute the flow of water through such apertures.

DESCRIPTION OF THE TURBINE.

18. The water is conducted from the principal feeder to the mills at Lowell,
called the Northern Canal, by an arched canal, or penstock, about ninety feet in length.
The forebay, inside the wheel-house, is constructed of masonry, and has a general width
of twenty feet, and a depth of water of fourteen feet; the channels through which the
water passes, are so capacious, that the loss of fall in passing from the Northern Canal
to the forebay, is scarcely sensible. During the experiments, however, the head of the
penstock was partially closed by gates, so that there was a sensible fall at that time.

The entrance of the arched canal is protected by a coarse rack, or grating, for
the purpose of preventing large floating substances from entering the forebay; each
turbine is also separately guarded by a fine rack, placed in the forebay, which prevents
the entrance into the turbine of all floating substances that might be injurious. Both
racks are made of large extent, to avoid sensible loss of head to the water in passing
through them.

The extreme rigor of the New England winter renders it necessary to afford to
water-wheels of all descriptions, complete protection from the cold. The result is, that
less interruption from frost is experienced, than in many milder climates. The wheel-
house, in which these turbines are placed, is a substantial brick building, well warmed
in the winter by steam.
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After passing the turbines, the water is conducted by an arched canal, or raceway,
about nine hundred feet in length, to the lower level of the Western Canal, which
serves as a feeder to the Mills of the Lawrence Manufacturing Company.

19. Plate L is a vertical section through the centre of the turbine, and the axis
of the supply pipe.

Plate IL is a plan of the turbine, and wheelpit.

Plate IIL, Figure 1, is a plan of nearly one fourth part of the disc and wheel
Figure 2 is a plan of the whole wheel, the guides, and garniture. Figure 3 is a ver-
tical section through both crowns of the wheel.

The same letters indicate the same parts, in all these three plates.

20. A, the forebay, in which the level of the water is nearly the same as in the
Northern Canal; it is represented at the usual working height.

21. B, the surfuce of the water in the wheelpit, represented at the lowest height at
which the turbine is intended to operate.

22. C, the masonry of the wheelpit. The faces towards the wheel, are of granite
ashlar work, in blocks containing, generally, from ten to forty cubic feet. The backing
is of hard mica slate. The capping course, shown particularly on Plate II., is neatly
dressed on its upper surface. The whole is compactly laid in hydraulic cement.

23. D, the floor of the wheelpif. This floor sustains the weight of part of the sup-
Ply pipe, and of part of the water in it, and all the rest of the apparatus, excepting
the wheel itself and the vertical shaft, which are supported by beams and braces, directly
from the side walls of the wheelpit. It was necessary that the floor should have suffi-
cient stiffness to resist the great upward pressure which takes place when the wheelpit
is kept dry by pumps, in order to permit repairs to be made. The walls of the wheel-
pit are built upon the floor;— there was, consequently, no danger of the whole floor
being pressed upwards, but the great width of the pit, (twenty-four feet,) would allow the
floor to yield in the centre, unless it had great stiffness.

To meet these requirements, three cast-iron beams are placed across the pit, the
ends extending about a foot under the walls, on each side; on these are laid thick
planks which are firmly secured to the cast-iron beams, by bolts. To protect the thick
planking from being worn out by the constant action of the water, they are covered
with a flooring of one inch boards, which can be easily renewed when necessary.

24. E, the wrought iron supply pipe. This is constructed of plate iron, § inch thick,
riveted together in a similar manner to steam boilers. The horizontal part is nine feet
in diameter, the curved part gradually diminishes in diameter, to its junction with the
upper curb. The upper end of the supply pipe is terminated by a cast-iron ring 7,
turned smooth on the face, to receive the wooden head gate. The supply pipe is also
furnished with the man hole and ventilating pipe @, and the leak box H. The use of
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the latter is, to catch the leakage of the head gate, whenever it is closed for repairs
of the wheel; at such times, the leakage is carried off into the raceway, below the
wheelpit, by a six inch pipe, furnished with a valve which can be opened and shut at
pleasure.

25. I, the castiron curbs. These conduct the water from the wrought iron sup-
ply pipe, to the disc K. The curbs are made in four parts, for the convenience of the
founder. The surfaces at which they are joined, are turned true in a lathe, packed with
red lead, and bolted together with bolts one and a half inches diameter, placed about
gix inches apart. The general thickness, of the iron is one and a quarter inches. The
flanges are two inches thick. The upper curb has a projection cast on it, to receive the
disc pipe. The lower curb is finished on all sides; the outside, to permit the regulating
gate to be moved up and down easily; the inside, to present a smooth surface to the
water, and to match accurately with the garniture L.

The curbs are supported from the wheelpit floor by four columns, two of which
are shown at NN, plate I, resting on the cast-iron beam O; this is placed on the
floor, for the purpose of distributing the weight. The centres of the columns are
thirteen inches from the outside circumference of the wheel. The beams XN rest
immediately upon the columns, and the curb upon the beams, the latter projecting
over the columns far enough for that purpose. The beams XV also act as braces
from the wheelpit wall to the curb, and are strongly bolted at each end.

26. K, the disc. This is of cast-iron, one and a half inches thick, and is turned
smooth on the upper surface, and also on its circumference. It is suspended from
the upper curb, by means of the disc pipes M M. The disc carries on its upper
surface thirty-three guides, or leading curves, for the purpose of giving the water,
entering the wheel, proper directions. They are made of Russian plate iron, one
tenth of an inch in thickness, secured to the disc by tenons, passing through corre-
sponding mortices, cut through the disc, and are riveted on the underside. The
upper corners of the guides, near the wheel, are connected by the garniture Z, which
is intended to diminish the contraction of the streams entering the wheel, when the
regulating gate is fully raised. The garniture is composed of thirty-three pieces of
cast-iron, or one to fill each space between the guides; these pieces of castiron are,
necessarily, of irregular form; for a top view of them see .Z, plate IIL, figure 2.
They are also shown in section at plate I They are carefully fitted to fill the
spaces between the guides; above the top of the guides, the adjoining pieces are in
contact; they are strongly riveted to the guides, and to each other. After they
were all fitted and riveted, the disc was put in a lathe, and the top, the periphery,
and a part of the inside of the garniture, were turned off, so that it would fit accu-

2
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rately, but easily, to the corresponding part of the lower curb. The disc is not fast-
ened to the lower curb, but is retained in its place, horizontally, by the latter.

27. MM, the disc pipe. The disc is fastened to the bottom of the disc pipe
by fifteen tap screws, one and a quarter inches in diameter. As there is a vertical
pressure on the disc, due to the pressure of the whole head, on its horizontal area,
the disc pipe and its fastenings require to be very strong. The pipe is eight and a half
inches diameter, inside, or one and a half inches larger than the shaft passing through
it, and is one and a quarter inches thick. The upper flange is furnished with adjusting
screws, by which the weight is supported upon the upper curb, and which afford the
means of adjusting the height of the disc. The escape of water between the upper
curb and the upper flange of the disc pipe, is prevented by a band of leather on the
.outside, which is retained in its place by the wrought iron ring P. This ring is made
in two segments. The top of the disc pipe, just below the upper flange, has two
projections, or wings, which fit into corresponding recesses in the top of the curb;
these are to prevent the disc from rotating in the opposite direction to the wheel,
to which there is a powerful terdency, arising from the reaction of the water issuing
from the guides.

28. R R, the regqulating gate. This is represented on the section, at plate I, as
fully raised, and in this position the wheel would be giving its full power. The gate
is of cast-iron, the cylindrical part is one inch thick, the upper part of the cylinder
is stiffened by a rib, to which are attached three brackets, one of which is shown at
S, plate I, and the two others at S8, plate II. To these brackets are attached
wrought iron rods, by which the gate is raised and lowered. The brackets are attached
to the gate at equal distances, and therefore the rods support equal parts of its weight.
To one of the rods is attached the rack ¥. The other two rods are attached, by means
of links, to the levers 7' 7| plate II. The other ends of these levers carry geared arch
heads, into which, and into the rack V, work three pinions, W, of equal pitch and size,
fastened to the same shaft. As the fulcrums of the levers 7' 7, plate II, are exactly
in the middle, between the pitch lines of the arch heads and the points to which the
rods are attached, it will be seen, that by the revolution of the pinion shaft, the gate
must be moved up or down, equally on all sides. The shaft on which the pinions
are fastened, is driven by the worm wheel X, plates I. and II ; this is driven by the
worm g, either by the governor ¥, or the hand wheel Z. The shaft on which the
worm ¢ is fastened, is furnished with movable couplings, which, when the speed gate
is at any intermediate points between its highest and lowest positions, are retained
in place by spiral springs; in either of the extreme positions, the couplings are sep-
arated by means of a lever, moved by pins in the rack V7; by this means both the
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regulator and hand wheel are prevented from moving the gate in one direction, when
the gate has attained either extreme position. If, however, the regulator or hand
wheel should be moved in the opposite direction, the couplings would catch, and the
gate would be moved. The weight of the gate is counterbalanced by weights attached
to the levers 7' 7, and by the intervention of a lever to the rack V'; by this arrange-
ment, both the governor and hand wheel are required to operate, with only the force
necessary to overcome the friction of the apparatus.

29. b5 The wheel. This consists of a central plate of cast-iron, and of two
crowns, cc, of the same material, to which the buckets are attached. The central
plate and the crowns are turned accurately in a lathe, for the purpose of balancing
them, and also to diminish, as much as possible, the resistances in moving rapidly
through the water. The lower crown is fastened to the central plate, as shown at
figures 1 and 3, plate IIL These figures also show, at ce¢, the form of the crowns;
the upper and lower crowns are precisely alike; they are nine and a half inches
wide. At the inner edge, and at the circumference, the thickness is 0.625 inches,
and at 5.5 inches from the inner edge, where they have the greatest thickness, they
are one inch thick.

By reference to figure 1, plate III, it will be seen that the buckets do not
extend to the circumference of the crowns. In the direction of the radius, the ends
of the buckets are 0.25 inches from the circumference. This is for the purpose of
permitting the wheel to be handled with less danger of injuring the ends of the floats;
as these are filed down to an edge, they would be very likely to be damaged during
the construction of the wheel, if they were not guarded by the slight projection of
the crowns. This construction also enables the grooves in the crowns to afford more
perfect support to the ends of the buckets, and also permits a tenon to be nearly at
the extremity of the bucket.

+The buckets are forty-four in number, and are of the form represented on plate
IIL, figure 1. They are made of plate iron of excellent quality, imported from Russia
for the purpose, they are g% of an inch in thickness, and are secured to the crowns
in the following manner.

The crowns having been first turned to the required form, grooves are cut in
them of the exact form of the buckets, to the depth ee, figure 3, plate III. ; this depth
is 0.1 inches at the edges and 0.6 inches near the middle. These grooves are cut
in a machine contrived for the purpose, in which the cutting tool is guided by a cam.
Three mortices for each bucket are then cut through each crown; corresponding
tenons are left on the buckets; the latter are bent to the required form, by means
of a pair of dies, prepared for the purpose, the plate iron having been first moderately
heated. The tenons of all the buckets are then entered into the mortices in both
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crowns, the latter are then drawn together, by means of a number of screws applied to
different parts of the circumference, and when the edges of the buckets are drawn into
the bottom of the grooves, the tenons are riveted on the opposite sides. 'This construc-
tion gives great stability to the buckets, and permits the use of very thin ‘iron.

80. dd The vertical shaft. This is of wrought iron, and is accurately turned
in every part.

The diameters are as follows: —

Below the hub of the wheel, . . . . . . . . 7 inches
In the hub of the wheel,. . . . . . . . . . 7} ¢«
Between the top of the hub and the lower bearing, 7 «
Between the bottom of the lower bearing and the

hub of the bevel gear, . . . . . . . . . 8 ¢«
In the hub of the bével gear, . . . . 8 ¢«
From the top of the hub of the bevel gear to the

guspension box,. . . . . . . . . . . . 8 ¢

By reference to plate I, it will be seen that the shaft does not run upon a step
at the bottom, but upon a series of collars, resting upon corresponding projections in
the suspension box e’. The part of the shaft on which the collars are placed, is made
separate from the main shaft, and is joined to it at f, by means of a socket in the top
of the main shaft, which receives a corresponding part of the collar piece. The collars
are made of cast steel ; they are separately screwed on, and keyed to a wrought iron
spindle.

31. ¢’ The suspension box. This is made in two parts, to admit of its being
taken off, and put on the shaft; it is lined with babbit metal, a soft composition con-
sisting principally of tin. It is found that bearings thus lined will carry from fifty to
a hundred pounds to the square inch, with every appearance of durability.

82. f'f’, The upper and lower bearings. These are of cast-iron, lined with babbit
metal ; they are retained in position, horizontally, by means of adjusting screws; ver-
tically, their weight is sufficient. The parts of the shaft inside the hubs of the wheel
and the bevel gear, are made slightly tapering, about ;% of an inch in diameter in
the length of the hubs; the hubs are bored out with the same taper, but a very little
smaller in diameter ; they are then drawn on by a powerful screw purchase, and in
this manner are made to fit very tight. To prevent danger of bursting the hubs,
they are before being drawn on or bored out, strongly hooped with wrought iron
hoops, driven on hot.

33. The suspension box e’ (art. 31,) rests upon the gimbal g, plates I. and II. The
gimbal itself is supported on the frame %4, by adjusting screws, whiich give the means
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of raising and lowering the suspension box, and, with it, the vertical shaft and wheel.
It will be perceived, by the arrangement of the bearings above and below the bevel
gear, that no lateral strain can be thrown upon the suspension box. The construction of
the shaft will evidently not admit, with safety, of lateral strain at the suspension box, and
it is accordingly so arranged that this box is free to oscillate horizontally in any direction,
a small quantity, in case any irregularity in the form of the shaft should require it.

The lower end of the shaft is fitted with a cast steel pin i, plate I This is retained
in its place by the step, which is made in three parts, and lined with casehardened
wrought iron. The step is furnished with adjusting screws, by means of which the
shaft can be moved horizontally in any direction, a small distance.

The weight of the wheel, upright shaft, and bevel gear, is supported by means
of the suspension box ¢, on the frame %, which rests upon the long beams m, reaching
across the wheelpit, and supported at the ends by the masonry, and also at intermediate
points by the braces nn.

From economical considerations the diffuser, described at art. 12, was omitted at
the Tremont Turbine; a large majority of the turbines in use at Lowell, however, are
fitted up with that apparatus.

34. The following are some of the dimensions of the turbine, carefully taken after
the parts were finished : —

Height between the upper and lower crowns, at the outer extrem-

ities of the buckets, a mean of 44 measurements, . . . . 0.9314 feet.
Height between the upper and lower crowns, at the inner extrem-

ities of the buckets, a mean of 44 measurements, . . . . 0.9368 «
Height between the crowns, at a point 5.5 inches from the inner

edges of the crowns, (designed to be 0.75 inches less than

at the inner edges). . . . . . . 0.8743 «
Shortest distance between the outer extremmes of the buckets

and the next adjacent buckets, a mean of 132 measurements, 0.187567
Shortest horizontal distance between two adjacent guides, taken

at the top of the circumferential part of the disc, a mean

of 33 measurements, . . . . e e e e e « « . . 01960
Do. do. at the bottom of the garmture, Coe . . .. 02117
Do. do. half-way up between the disc and the ga.rmture, . . 02044
The shortest distance between the guides, by a mean of the

whole 99 measurements, . . . . 0.20403
Height from the top of the clrcumferentml part of the dlsc to the

bottom of the garniture, a mean of 33 measurements, . . 0.97090
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35. The following are some of the most important dimensions of the apparatus;
they are taken from the original designs, which were very closely followed in the
construction.

Diameter of the exterior circumference of the crowns of the wheel, 8.333 feet.

“ “  outer extremities of the buckets, . . . . . 8202 «
« “  interior edges of the crowns, and inner edges of
the buckets, . . . . 6.750 «

“ “  outside of the cylindrical part of the regulatmg gate 6.729 «
«  inside of the cylindrical part of the regulating gate, 6.562 ¢

«  of the outside of the lower curb, taken below the
flange, . . . . . . . 6542 «
¢ inside of the lower curb, taken at the top, . . . 6333 «

“ inside of the lower curb, taken at the top of the
guides, . . . . . . . . . . . . . . 6167 «
“ “ lower part of the dise, . . . . . . . . . . 6729 ¢«

DESCRIPTION OF THE APPARATUS USED IN THE EXPERIMENTS ON THE TREMONT TURBINE.

36. The details of this apparatus are represented on plate IV.

The useful effect was measured with a Prony dynamometer, represented in sectional
elevation at figure 1, and in plan at figure 2.

37. The friction pulley A is of cast-iron 5.5 feet in diameter, two feet wide on the
face, and three inches thick. It is attached to the vertical shaft by the spider B, the
hub of which occupies the place on the shaft intended for the bevel gear.

The friction pulley has, cast on its interior circumference, six lugs, € C, correspond-
ing to the six arms of the spider. The bolt holes in the ends of the arms are slightly
elongated in the direction of the radius, for the purpose of allowing the friction pulley
to expand a little as it becomes heated, without throwing much strain upon the spider.
When the spider and friction pulley are at the same temperature, the ends of the arms
are in contact with the friction pulley. The friction pulley was made of great thick-
ness for two reasons. When the pulley is heated, the arms cease to be in contact with
the interior circumference of the pulley, consequently they would not prevent the
pressure of the brake from altering the form of the pulley. This renders great stiff-
ness necessary in the pulley itself. Again, it is found that a heavy friction pulley
insures more regularity in the motion, operating, in fact, as a fly-wheel, in equalizing
small irregularities.
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38. The brakes E and F are of maple wood ; the two parts are drawn together by
the wrought iron bolts ¢ &, which are two inches square.

39. The bell crank F' carries at one end the scale 7, and at the other the piston
of the hydraulic regulator K; this end carries also the pointer L, which indicates the
" level of the horizontal arm. The vertical arm is connected with the brake F, by the
link M, figure 3.

40. The hydrauvlic regulaior K, figures 1, 2, and 5, is a very important addition
to the Prony dynamometer, first suggested to the author by Mr. Boyden in 1844.
Its office is to control and modify the violent shocks and irregularities, which usually

occur in the action of this valuable instrument, and are the cause of some uncertainty

in its indications.

The hydraulic regulator used in these experiments, consisted of the cast-iron
cylinder K, about 1.5 feet in diameter, with a bottom of plank, which was strongly
bolted to the capping stone of the wheelpit, as represented in figure 1. In this cylin-
der, moves the piston X, formed of plate iron 0.5 inches thick, which is connected with
the horizontal arm of the bell crank by the piston rod 0. The circumference of the
piston is rounded off, and its diameter is about % inch less than the diameter of the
interior of the cylinder. The action of the hydraulic regulator is as follows. The
cylinder should be nearly filled with water, or other heavy inelastic fluid. In case of
any irregularity in the force of the wheel, or in the friction of the brake, the tendency
will be, either to raise or lower the weight; in either case the weight cannot move,
except with a corresponding movement of the piston. In consequence of the inelas-
ticity of the fluid, the piston can ‘move only by the displacement of a portion of the
fluid, which must evidently pass between the edge of the piston and the cylinder, and
the area of this space being very small, compared to the area of the piston, the motion
of the latter must be slow; giving time to alter the tension of the brake screws before
the piston has moved far. .It is plain that this arrangement must arrest all violent
shocks, but, however violent and irregular they may be, it is evident that, if the mean
force of them is greater in one direction than in the other, the piston must move in
the direction of the preponderating force, the resistance to a slow movement being very
slight. A small portion of the useful effect of the turbine must be expended in this
instrument ; probably less, however, than in the rude shocks the brake would be sub-
ject to without its wuse.

41. For the purpose of ascertaining the velocity of the wheel, a counter was
attached to the top of the vertical shaft, so arranged that a bell was struck at the end
of every fifty revolutions of the wheel.

42. To lubricate the friction pulley, and at the same time to keep it cool, water
was let on to its surface in four jets, two of which are shown in figure 2, plate IV.
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These jets were supplied from a lasge cistern, in the attic of the neighboring cotton-
mill, kept full, during the working hours of the mill, by force-pumps. The quantity of
water discharged by the four jets was, by a mean of two trials, 0.0288 cubic feet per
second. :

In many of the experiments with heavy weights, and consequently slow velocities,
oil was used to lubricate the brake, the water, during the experiment, being shut off.
It is found that, with a small quantity of oil, the friction between the brake and the
pulley, is much greater than when the usual quantity of water is applied; consequently,
the requisite tension of the brake screws is much less with the oil, as a lubricator,
than with water. This may not be the whole cause of the phenomenon, but,
whatever it may be, the ease of regulating in slow velocities is incomparably greater
with oil as a lubricator, than with water applied in a quantity sufficient to keep the
pulley cool. The oil was allowed to flow on in two fine continuous streams;—it
did not, however, prevent the pulley from becoming heated sufficiently to decompose
the oil, after running some time, which was distinctly indicated by the smoke and
peculiar odor. When these indications became very apparent, the experiment was
stopped, and water let on by the jets, until the pulley was cooled. As the pulley
became heated, the brake screws required to be gradually slackened.

In the experiments, in table II, the lubricating fluid was as follows.

In the first twenty-six experiments, water alone was used.

In the four experiments numbered from 27 to 30, three gallons of linseed oil were
used.

In all the experiments requiring a lubricator, and numbered from 31 to 48,
inclusive, linseed oil was used.

In experiments 49 and 50, resin oil was used.

In experiments numbered from 51 to 60, inclusive, water alone was used.

In experiment 61, resin oil was used.

In experiment 62, resin oil and a small stream of water were used;—in the
latter part of the experiment, a good deal of steam was generated by the heat
of the friction pulley.

In experiment 63, resin oil alone was used.

In experiments numbered from 66 to 72, inclusive, water alone was used.

In experiments numbered from 73 to 79, inclusive, resin oil and a small stream
of water were used.

In experiments numbered from 81 to 84, inclusive, water alone was used.

In experiments 85 and 86, resin oil and a small stream of water were used.

In experiment 87, resin oil alone was used.

In experiments 90 and 91, water alone was used.

—— e ]
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In experiment 92, resin oil and a small stream of water were used.

43. A special apparatus was provided to indicate the direction in which the
water left the wheel. For this purpose the vane P, figures 1, 6, and 7, plate IV,
was placed near the circumference of the wheel, and was keyed on to the vertical shaft
@, which turned freely on a step resting on the wheelpit floor. The upper end of
the shaft carried the hand R, figures 1 and 4, and directly under the hand was placed
the graduated semicircle S, divided into 180°. When the vane was parallel to a tan-
gent to the circumference of the wheel, drawn through the point nearest to the axis
of the vane, and the vane was in the direction of the motion of the wheel, the hand
pointed at 0° and, consequently, when the vane was in the direction of the radius of
the wheel, the hand pointed at 90°. To prevent sudden vibrations of the vane, a
modification of the hydraulic regulator was attached to the lower part of the vane
shaft. This apparatus is represented in detail by figures 6 and 8.

44. The quantity of water discharged by the wheel was gauged at a weir
erected for the purpose at the mouth of the wheelpit. It is represented on plate V.

Figure 1 is a plan, and figure 2 a section, showing the relative positions of the
turbine 4, the grating B, the gauge box C, and the two divisions or bays of the weir,
D, and E. ‘

As the water issued from the orifices of the turbine with considerable force,
particularly when the velocity of the wheel was much quicker or slower than that
corresponding to the maximum coefficient of effect, there were often such violent
commotions in the wheelpit, that, unless some mode was adopted to diminish them
before the water reached the weir, or even the place where the depths on the weir
were measured, it would have been impossible to make a satisfactory gauge of the
water. For this purpose the grating B, figures 1 and 2, was placed across the wheelpit.
This grating presented numerous apertures, nearly uniformly distributed over its entire
area, through which the water must pass. In the experiments with a full gate, the fall
from the upper to the lower side of the grating was generally from three to four inches.
The combined effect of this fall and of the numerous small apertures, was, to obliterate
almost entirely the whirls and commotions of the water above the grating. About
4.5 feet in length of the grating between F and @, figure 1, was so nearly closed,
that but little water passed through that part of the grating;— this made it very
quiet in the vicinity of the gauge box C.

Figure 3, plate V., is an elevation of the weir. The two bays D and £ were
of mnearly equal length,— the crest of the weir was almost exactly horizontal, and
the extreme variation did not exceed 0.01 inch. The crest of the weir was of cast-
iron, planed on the upper edge H, figures 2 and 4, and also on the upstream face, to a

point 1.125 inches below the top ;— below this, at Z, figure 4, there was a small bevel,
3
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also planed, the slope of which,'on an average, was ;% inch in a height of § inch;—
the remainder of the casting was unplaned. The crest of the weir &I was § inch thick,
and was horizontal. The upstream edge, at H, was a sharp corner. The ends of the
weir K, figures 1, 2, and 3, were of wood, and of the same form as the crest H, except
that there was no bevelled part corresponding to 7, figure 4. The crest of the weir
H was about 6.5 feet above the floor of the wheelpit. The ends of the weir X pro-
jected from the walls of the wheelpit, and also from the central pier, a mean distance
of 1.235 feet. The length of the bay ﬁ, was 8.489 feet, and of the bay E, 8491
feet, making the total length of the weir 16.98 feet.

45. The depth of the water on the weir was taken in the gauge box C, figures
1 and 2, plate V., by mcans of the hook gauge Z, which is represented in detail by
figures 9, 10, and 11, plate IV.

The hook gauge is the invention of Mr. Boyden,* and is an instrument of inesti-
mable value in hydraulic experiments. All other known methods of measuring the
heights of the surface of still water, are seriously incommoded by the effects of
capillary attraction; this instrument, on the contrary, owes its extraordinary precision
to that phenomenon. At figure 10, plate 1V., the point of the hook 4, is represented
as coinciding with the surface of the water. If the point of the hook should be a
very little above the surfuce, the water in the immediate vicinity of the hook, would,
by capillary attraction, be elevated with it, causing a distortion in the reflection of the
light from the surface of the water. The most convenient method of observing with
this instrument, according to the experience of the author, is, first, to lower the point
of the hook, by means of the screw, to a little distance below the surface ; — then to
raise it again slowly by the same means, until the distortion of the reflection begins
to show itself, — then to make a slight movement of the screw in the opposite direction,
so as just to cause the distortion to disappear; the point will then be almost exactly
at the level of the surface. '

With no particular arrangements for directing light on the surface, differences
in height of 0.001 feet are very distinct quantities; but by special arrangements for
light and vision, differences of 0.0001 feet might be easily appreciated.

As this instrument cannot be efficiently used in a current, it was placed in the
box (, in which the communication with the exterior was maintained by the hole A,

* In Versuche iiber den ausfluss des wassers durch schieber, hiihne, klappen und ventile, by Julius Weisbach,
Leipzig, 1842, page 1, is described an instrument for observing heights of water, having a slight resemblance

to the hook gauge; it was however used by Boyden in a more perfect form, several years previous to the
publication of that work.

——— ey~ et
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when, by partially obstructing this communication, the extent of the oscillations could
be diminished at will.

For the most perfect observations, it is essential that the surface of the water
should be at rest. If, however, it should oscillate a little, a good mean may be obtained
by adjusting the point of the hook to a hcight at which it will be visible above the
surface of the water only half the time.

The movable rod to which the hook was attached, was of copper, and graduated
to hundredths of feet, but, by means of the vernier, thousandths were measured, and
in some cases ten thousandths were estimated. In later, and more perfect forms of
this instrument, the point of the hook is immediately under the graduation.

46. The heights of the water in the forebay, and in the wheelpit, were taken
by means of gauges, placed in the gauge boxes p and ¢, plate II. These boxes were
similar to the box C, plate V., in which the hook gauge was placed. Both gauges
were graduated to feet and hundredths, and both had the same zero point, viz., the
level of the crest of the weir, so that the difference in the readings at the two
gauges, gives, at once, the fall acting upon the wheel; and the difference between the
depths of the water on the weir, as observed at the hook gauge, and the reading
at the gauge ¢, gives the fall at the grating.

In consequence of want of space in plate II, the gauge box p is not represented
in its true position,—it was actually in front of the head gate, and about six feet
distant.

47. The heights of the regulating gate were taken at the rack V, plate I. The
weights used for measuring the useful effect, were pieces of pig-iron of various sizes,
each of which had been distinctly marked with its weight by Mr. O. A. Richardson,
the official sealer of weights and measures for the City of Lowell.

MODE OF CONDUCTING THE EXPERIMENTS.

48. A separate observer was appointed to note each class of data; the time
of each observation was also noted, which gave the means of identifying simultaneous
observations. To accomplish this, each observer was furnished with a watch having
a second hand ; — the watch by which the speed of the wheel was observed, was taken
as the standard; all the others were frequently compared with it, and when the vari-
ations exceeded ten or fifteen seconds, they were either adjusted to the standard, or
the difference noted.

This mode of observing must, evidently, lead to more precise results than that in
which a single observer, however skilful, undertakes to note all the phenomena, or
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even several of them. By the method adopted, a regular record is made of the
state of things at very short intervals, furnishing the data for a mean result for any
required period, and also the means of detecting, in most cases, the causes of apparent
discrepancies. It also relieves the experimenter from the distraction of having
numerous exact observations to make in a very short time, and leaves him much
more at liberty to exercise a vigilant watch over the general course of the
experiment.

49. As it may be useful to experimenters, not accustomed to this mode of
observing, and, at the same time, afford the reader some means of judging of the
accuracy of the results obtained in these experiments, the following extracts are
given from the original note-books. The extracts include the data observed for
experiment numbered 30 in table IL. This experiment is selected, simply, because
it gave the maximum coefficient of effect.

WEIGHT IN THE SCALE.
Extract from the note-book of the author, who superintended the experiments.
1,498 Ibs. 10} oz.

4% 43, added . . . . . . . . . 26 « 0} «
Weight for the next experiment, . . 1,524 1bs. 10§ oz

SPEED OF THE WHEEL.
Extract from the note-book of Mr. Charles Leonard.

Txmal?t n‘;’:iﬂ' the Differences. Tim%:l?t.;l‘l";‘g_l the Differences. Tim:l?"';ll:i‘il} the Differences.

H. | min. sec. Seconds. | H. | min. sec. Seconds. | H. | min. sec. Soconds.

4. | 55. | 58.00 5. 0. { 52.00 59.00 | 5. 4. | 47.00 59.00
56. | 56.50 58.50 1. | 50.75 58.75 5. | 45.50 58.50
57. | 55.25 58.75 2. | 49.50 58.75 6. | 44.25 58.75
58. | 54.25 59.00 8. | 48.00 58.50 7. | 43.00 58.75
59. | 53.00 58.756

Note. The bell struck once in every fifty revolutions of the wheel.
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ELEVATION OF THE POINTER ON THE BELL CRANK.

Time. Height of ‘Time. Height of Time. Height of
inter, intor, pointer,
H. min sec. n foot. H. min. sec. __? foot. H. | min. sec. In feot.
4. | 5. 0. 0.19 4. | 89. 30. 0.20 5. | 4. 0. 0.17
30. 0.13 5. 0. 0. |- 018 80. 0.18
56. 0.13 30. 0.19 5. 0.24
30. 0.14 1. 0.21 80. 0.18
57. 0.15 30. 0.17 6. 0.19
80. 0.19 2. 0.20 80. 0.19
58. 0.20 30. 0.19 7. 0.16
30. 0.19 3. 0.19 80. 0.14
59. 0.21 30. 0.19

Note. The extremity of the pointer was 6.5 feet from the fulcrum of the bell crank. When the
horizontal arms of the bell crank were level, the height of the pointer was 0.20 feet.

HEIGHT OF THE WATER ABOVE THE WHEEL.
Taken in the forebay by Mr. Jokn Newell.

Time. Height, Time. Height, Time. Height,
in feet. in feet. in feet.

H. | min. sec. H. | min. 8ec. H. | min. 8€0.
4. | 55. 0. 15.100 } 4. | 59. 80. 15.110 | 4. 4, 0. 15.120
30. 15.100 | 5. 0. 15.115 80. 15.120
56. 15.100 80. 15.120 5. 15.120
30. 15.100 1. 15.120 80. 15.115
57. 15.110 80. 15.110 6. 15.115
80. 15.115 2. 15.105 80. 15.110
58. 15.110 30. 15.100 7. 15.110
30. 15.100 8. 15.115 30. 15.110

59. 15.105 30. 15.125

Nore. The top of the weir is the zero point of the gauge in the forebay.

HEIGHT OF THE WATER AFTER PASSING THE WHEEL.
Taken sn the wheelpit by Mr. Lloyd Hixon.

Time. Height, Time. Hoight, Time. Height,
in feet. in feet. in feet.
H. | min. 8oC. H. | min. |  sec. H. | min. 8ec.
4. | 56. 0. 2.20 5. 0. 0. 2.21 5. 4. 0. 2.22
380. 2.21 30. 2.21 30. 2.21
57. 2.21 1. 2.21 5. 2.21
30. 2.21 30. 2.21 80. 2.21
58. 2.21 2. 2.21 6. 2.21
30. 2.21 80. 2.21 80. 2.20
59. 2.20 3. 2.20 7. 2.22
80. 2.21 30. 2.20 30. 2.20

Norte. The top of the weir is the zero point of the gauge in the wheelpit.
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HEIGHTS OF THE WATER ABOVE THE WEIR BY THE HOOK GAUGE.
Observed by Mr. Daniel Haeffely.

Time. Height, Time. Height, Time. Height,
in feot. in feet. in feet.
H. min. sec. H. min. Rec. H. min. sec.
4. | 57. 5. 1.8710 | 5. 1. 10. 1.8690 | 5. 4. 35. 1.8730
58. 15. 1.8710 1. 45. 1.8700 5. 50. 1.8725
58. 50. 1.8720 2. 15. 1.8720 6. 25, 1.8725
59. 20. 1.8730 2. 50. 1.8720 6. 55. 1.8725
59. 50. 1.8715 3. 15. 1.8715 7. 20. 1.8720
5 0. 15. 1.8715 3. 40. 1.8715 7. 45. 1.8715
0. 45. 1.8705 4. 5. 1.8730

Note. The zero of the hook gauge was 0.002 feet below the top of the weir.

DIRECTION OF THE WATER LEAVING THE WHEEL.
Observed at the vane index by Mr. Jokn C. Woodward.

Time. Direction. Time. Direction. Time. Direction.
) H. | min. sec. deg. | min. | H. | min. 8ec. deg. | min.| H. | min. sec. deg. | min.
4. | 57, 0. |59.] 0. ] °a. 1. 0. |57.] 0.1 5. 5. 0. |58.] 0.
80. |57.] 0. 80. |59.]30. 80. |59.(39.
58. 59.1 0. 2. 58.1 0. 6. 59.1 80,
30. |58.] 0. 80. |57.] 0. 80. |57.] o.
59. 58.1 0. 3. 60.| 0. 7. 59.| 0.
' 30. |58.{30. 30. |58.| 0. 30. |57.]80.
5. 0. 57.1 0. 4. 59.( 0. 8. 59.| 0.
80. |57.]|380. 80. |56.] 0.

Nore. When the vane pointed in the direction of the radius of the wheel, the reading of the
index was 90°. 0° was in the direction of the motion of the wheel.

50. Previously to the commencement of the experiments, the apparatus for
measuring the useful effect was carefully adjusted. The bell crank was balanced
when there were no weights in the scale. For this purpose the link 2, figure
3, plate IV, was removed, and the chamber of the hydraulic regulator filled with
water ; — weights were then applied to the top of the bell crank, near the end
to which the hydraulic regulator was attached, until the whole was in equilibrium;
— the final adjustment was made, by placing a weight of about two pounds at
the extremity of one of the horizontal arms of the bell crank,—the arm was
retained horizontally until a signal was given, when it was left at liberty to
descend, and the time occupied in descending a certain distance was noted ; —
the weight was then removed to the extremity of the other arm, and the same
process repeated. The balance weights were altered until the times of descent
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were equal. To overcome, as much as possible, the friction of the fulcrum, the
pin forming it was lubricated with sperm oil, and, during the descent, the head
of the pin was struck lightly and rapidly with a small hammer.
After the bell crank was satisfactorily balanced, the link M was reattached,
" and the brake adjusted, by means of the screw which formed the connection
between the link and the brake. It was adjusted so that a line upon the brake
was perpendicular to the axis of the link, when the horizontal arm of the bell
crank was horizontal. The length of the brake was then measured upon this line.

The length of the brake as thus measured was found to be . . 9.745 feet.
The effective length of the vertical arm of the bell crank was 4.600  «
And the effective length of the horizontal arm to which the

scale was hung, was . . . . . . 5000 «

Consequently, the effective length of the brake was 9'71'?(5 = 10.827778 «

51. The gauges in the forebay, and in the wheelpit, were carefully adjusted
by levelling from the top of the weir. This was repeated by different persons,
g0 as to remove all chance of error. .

62. The hook gauge was compared with the weir, by a different method.
When the regulating gate of the turbine was shut down as tight as possible, it
was still found that a quantity of water leaked into the wheelpit, exceeding, a
little, the quantity that leaked out of the wheelpit, so that a small quantity con-
tinued to run over the weir. The principal leak into the wheelpit was between
the regulating gate and the lower curb, the leather packing not being perfectly
adjusted. The hook gauge was firmly attached to a post, placed in the wheelpit
for that purpose, and at a height known to be nearly correct. The regulating
gate was closed, and after the water had arrived at a uniform state, the height
of the water at the hook gauge was noted, and, at the same time, the depths of
the water on the weir were measured directly with a graduated rule. To per-
form this accurately, a board, about four inches long, was held by an assistant on
the crest of the weir, at the place where it was intended to measure the depth;
—the author then applied the rule, previously well dried, vertically, on the top
of the weir, in front of the board. On first immérsing the rule, the water in
contact with it did not stand at the true level of the surface, but formed a little
hollow around the rule; it immediately commenced rising, however, and after a
few moments came to a level, which was indicated by the reflection of a light
from the surface, a lamp being held by an assistant, in a proper position, for that
purpose.
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The depths on the weir, taken in the manner just described, February 20th,

1851, were as follows.

Depths on the westerly Depths on the easterly
bay of the weir. bay of the weir.
Inches. Inches.
0.37 0.36
0.36 0.36
0.37 0.36
0.37 0.36
Means . . 0.3675 « « « . 036
Or in feet . 0.0306 .« « . . 0.0800

While the heights given in the preceding table were being measured, the
depth by the hook gauge was constantly 0.0318 feet; consequently, by this com-
parison, the zero of the hook gauge was 0.0012 feet below the mean height of
the top of the weir, in the westerly bay, and 0.0018 feet below the mean height
in the easterly bay, or 0.0015 feet below the mean height in both bays. A
similar comparison was made February 22d, 1851, when the zero of the hook
gauge was found to be 0.0024 feet below the mean height of the weir. The
mean of the two comparisons, or 0.0020 was adopted as the correction to be sub-
tracted from the reading of the hook gauge, to give the mean depth upon the
weir.

53. During the experiments, the levels of the water in the upper and lower
canals, were maintained nearly uniform. The height of the lower canal, at the
place where the water, passing the weir, fell into it, varied a little, depending
upon the quantity of water discharged by the wheel. It was highest when the
wheel was running with the regulating gate fully raised, and the brake removed ;
under these circumstances the surface of the water was from 0.3 feet to 0.4 feet
below the top of the weir. In the other experiments with the regulating gate
fully raised, the fall from the top of the weir to the surface of the water in
the lower canal, was from 0.4 feet to 0.6 feet. The brackets ;N and the planks
0, figure 2, plate V., were not put on until after the turbine experiments were
concluded, so that the water passing the weir, met with no obstruction until it
struck the water in the lower canal.

It will be seen by the experiments on the weir, (art. 127,) that the obstruction,
caused by the planks, was scarcely appreciable, which renders it certain that the

effect of the lower canal, in obstructing the flow over the weir, must have been
entirely inappreciable.
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DESCRIPTION OF TABLE II, CONTAINING THE EXPERIMENTS UPON THE TURBINE AT THE
TREMONT MILLS.

54. The data obtained by direct observation, and the results deduced from
them by calculation, are arranged together, for convenience of reference, in table IL

The columns numbered 1, 2, and 3, require no further explanations than are
contained. in the several headings.

55. Covumn 4. Height of the regulating gate. The three first experiments were
made under circumstances identical in every thing, except that the height of the
regulating gate was varied a little, for the purpose of ascertaining the height giv-
ing the maximum coefficient of effect. The mean height between the crowns of
the wheel, at the inner edges of the buckets, was 0.9368 feet, or 11.2416 inches;
the curvature of the disc and garniture, however, rendered it necessary to raise the
gate rather more than this, in order to present the most favorable aperture. By
a comparison of the first three experiments, it appears that the most favorable result
was obtained, with the gate raised to a height of 11.50 inches, or a little less;
the succeeding experiments, numbered from 4 to 50, inclusive, were made with the
regulating gate raised to the full height, or to 11.50 inches, nearly. A comparison
of the first three experiments will show that there could be no appreciable differ-
ence in the results, that could be attributed to the small differences in the heights
of the gate, in the experiments numbered from 4 to 50, inclusive, and they are
accordingly all classed together, as experiments with a full gate, the small dif-
ference in the heights being accidental.

The experiments numbered from 51 to 64, inclusive, were made with the
gate raised 8.55 inches, or three-fourths of the full height, nearly. Those num-
bered from 65 to 76, inclusive, were made with the gate at very nearly half of
the full height. Those numbered from 77 to 79, inclusive, were made with the
gate at about seven eighths of the full height. Those numbered from 80 to 89,
inclusive, were made with the gate at about one fourth of its full height. And
the last three experiments were made' with the gate raised one inch.

56. CoLomn 5. T¥me. The times entered under the heads deginning, and ending,
of the experiments, are taken from the notes of the “speed of the wheel,” and
indicate the times at which the bell, attached to the counter, was struck, which,
by a comparison of the various note-books, appeared, by the regularity of the
observations, to be the most suitable for the commencement and termination of the

experiment.
4
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57. Covuomn 6. Duration of the experiment, is obtained by taking the differences
of the times of the beginning, and ending of the experiment, as given in column 5.

58. CoLvmx 7. Total number of revolutions of the wheel during the experiment. This
is obtained from the note-book of the “speed of the wheel,” by counting the
number of observations of the times at which the bell was struck; this number,
less one, multiplied by 60, which is the number of revolutions of the wheel to
each stroke of the bell, gives the number of revolutions during the experiment.

59. Corvmx 8. Number of revolutions of the wheel per second, is obtained by
dividing the total number of revolutions of the wheel, by the duration of the
experiment.

60. CorLuMN 9. The weight in the scale, requires no explanation.

61. Coruomn 10. Useful effect, or the friction of the brake, in pounds avoirdupois,
raised one foot per second. This is obtained by multiplying together the weight in
the scale, and the velocity that the point of application of the weight, tends to
take. Or, in other words, the product of the weight into the velocity that the
weight would actually take, if, for an infinitely short time, the brake, and the
apparatus connecting it with the weight, were rigidly connected with the friction
pulley.

The effective length of the brake, including the leverage due to the different
lengths of the arms of the bell crank, was 10.827778 feet (art. 60). The cir-
cumference of a circle of this radius is 68.0329 feet. This circumference is a
constant for all the experiments in which any useful effect was produced, and
column 10 was obtained by the product of this constant, the weight, and the
number of revolutions of the wheel per second. The computation was performed
by logarithms, and if the results given in the tables should be verified by actual
multiplications, minute differences would, no doubt, be detected.

62. Corumns 11 and 12. Heights of the water in the forebay and in the wheelpi.
These heights are all referred to the top of the weir, consequently, the differences
give the fall acting upon the wheel.

63. Coromn 13. Tolal fall acting upon the wheel. These are the differences
referred to in the last sentence. In experiments 27 and 28, observations were
taken in the ventilating pipe @, plate I, for the purpose of estimating the loss of
fall to this part of the supply pipe;—it was not convenient, however, to measure
these heights with complete accuracy. In experiment 27, the height of the water
in the ventilating pipe was 0.106 feet below the level in the forebay;— in experi-
ment 28 the difference was found to be 0.102 feet;—in experiment 30, which
gave the maximum coefficient of effect, the quantity of water discharged by the
wheel, was a little less than in either experiment 27, or 28. We may, therefore,
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conclude, that when the regulating gate was fully raised, and the wheel running
with the velocity giving the maximum coefficient of effect, the fall acting upon
the wheel being 12.903 feet, the loss of fall from the forebay to the ventilating
pipe, was very nearly 0.10 feet.

64. Corvmn 14. Depth of water on the weir. The depths on the weir were
observed with the hook gauge, described at art. 45.

65. Coromn 16. Quantily of water passing the weir. These quantities have been
calculated by the formula

Q=333 (I— 0.1 ak)A},
in which
@ = Quantity, in cubic feet per second.
! = The total length of the weir, in feet.

n — The number of end contractions in the welir.
h = The depth on the weir, in feet.

It is unnecessary here to discuss the reasons that have induced the author to
adopt this formula, so different from any that has been used heretofore, as the
subject is fully considered in another part of this work.

A small quantity of water entercd the wheelpit without passing through the
wheel; there was also a small quantity that leaked out by passing through the floor
of the wheelpit; the latter quantity, when the depth on the weir was 0.496 feet,
was estimated at 0.409 cubic feet per second; see art. 130. As these quantities
were very minute, and tended to compensate each .other, they have been neglected,
and the' quantity computed as passing the weir is taken for the quantity discharged
by the wheel.

66. CoLumn 16. Tofal power of the water. This column is obtained by multi-
plying together the total fall acting upon the wheel, the quantity of water passing
the weir per second, and the weight of a cubic foot of water. The temperature
of the water was constantly at 32° Fahrenheit, it was nearly pure, and the weight
of a cubic foot was taken at 62.375 pounds avoirdupois.

The water of the Merrimack River is always rcmarkably free from impurities,
held in solution, flowing, as it does, from, and through a primitive formation, cov-
ered with a sterile soil. In midwinter, at which season these experiments were
made, it is more than ordinarily pure, as at that season the surface of the coun-
try is usually covered with snow, and the soil frozen to a considerable depth;
the river itself, wherever it flows with a moderate current, is frozen over, so that
heavy carriages can often pass with safety, and at the time when these experi-
ments were made, the river for about eighteen miles before it reached the turbine,
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was covered with a solid coating of ice, with scarcely an opening in the whole
distance. 'When the river is thus frozen, the water flows along under the ice,
entirely free from floating particles of ice, even in the most severe weather.

As the author had frequently felt the want of a table of the absolute weights
of a cubic foot of water at different temperatures, he, several years since, com-
puted the following table.

In the Encyclopedia Britannica, seventh edition, vol. 21, page 846, is given the
following extract from the British act of Parliament, establishing the standards for
weights and measures.

“Provided always, and be it enacted, that in all cases of dispute respecting the
correctness of any measure of capacity, arising in a place where recourse cannot
conveniently be had to any of the aforesaid verified copies or models of the
standard measures of capacity, it shall and may be lawful, to and for, any justice
of the peace, or magistrate, having jurisdiction in such place, to ascertain the con-
tent of such measure of capacity by direct reference to the weight of pure or
rain water which such measure is capable of containing; ten pounds avoirdupois
weight of such water, at the temperature of 62° by Fahrenheit’s thermometer, being
the standard gallon ascertained by this act, the same being in bulk equal to
277.276, 1822 (1823, 277.274) cubic inches, and so in proportion,” etc. 277.274
cubic inches was taken, as it appeared to be the latest determination.

In the first volume of the ZTraite de Chimie, by J. J. Berzelius, second French
edition, Paris, 1846, there is given a table of the specific gravities of pure water, at
different temperatures of the centigrade scale, deduced from Haellstroem’s experi-
ments.

From these two authorities were derived the data for the following table.
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TABLE I.

WEIGHT OF A CUBIC FOOT OF PURE WATER AT DIFFERENT TEMPERATURES.

Temperature, | Weight in afr, of a | Temperature, | Weight in air, of a | Temperature, | Weight in air, of :

in degrees of | cubio foot of pure | in degrees of | cubic foot of pure | in degrees of | cublc foot of pure

Fahrenheit's | water. Pounds | Fahrenheit's | water. Pounds | Fahrenheit's | water. Pounds

h + avolrdupol r\ " irdupoi ther pok
32 62.375 50 62.368 69 62.278
33 62.377 51 62.365 70 62.272
34 62.378 52 62.363 71 62.264
35 62.379 53 62.359 72 62.257
36 62.380 54 62.356 73 62.249
87 62.381 55 62.352 74 62.242
38 62.381 56 62.349 75 62.234
39 (maz.) 62.382 57 62.345 76 62.225
39.38 62.382 58 62.340 77 62.217
40 62.382 59 62.336 78 62.208
41 62.381 60 62.331 79 62.199
42 62.381 61 62.326 80 62.190
43 62.380 62 62.321 81 62.181
44 62.379 63 62.316 82 62.172
45 62.378 64 62.310 83 62.162
46 62.376 65 62.304 84 62.152
47 62.375 66 62.298 85 62.142
48 62.373 67 62.292 86 62.132
49 62.371 68 62.285

67. Coromy 17. Ratio of the useful effect to the power expended. This column is
obtained by dividing the numbers in column 10 by those in column 16.

68. Corumn 18. Velocidy due to the fall acting upon the wheel. The numbers in
this column have been calculated by the formula

V= Y2gh
V =the velocity in feet per second.

g = the velocity acquired by a body at the end of the first second of its fall
in & vacuum. ‘

h = the fall acting upon the wheel; this is given in column 13

The value of g has been calculated by the formula given in the second
edition of the Zraité D’ Hydraulique, by D’Aubuisson, page 5, viz.: —

9= 978051 (1— 0.000284 cos. 27) (1— 2);

r

! being the latitude of the place; e, its elevation above the level of the sea;
and r, the radius of the terrestrial spheroid, at the level of the sea, and at the place ;

{ r=16366407" (14 0.00164 cos. 27) }.
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The latitude of Lowell, as given in the American Almanac, is 42°, 38, 46,
and the height above the sea is known to be about 25 metres. With these data,
the above formula gives, in feet,

g = 32.1618.

69. Covuvmy 19. Velocily of the interior circumference of the wheel. The diameter
of the circle inscribing the inner edges of the buckets, is 6.75 feet; see art. 35.
Consequently the interior circumference of the wheel is 21.20575 feet. The product
of this number into the number of revolutions per second, given in column 8,
gives the numbers in column 19.

70. CoLumy 20. Ratio of the velocily of the interior circumference of the wheel, to
the velocity due to the fall acting on the wheel. This column is obtained by dividing
the numbers in column 19 by the corresponding numbers in column 18. This
column indicates the relative velocities of the wheel, in the different experiments,
eliminated from the effects of the variations in the fall acting upon the wheel.

71. Covumn 21. Quantily of water which passed the wheel, reduced to a umform
Jall of {ikirteen feet. The numbers in this column are obtained from those in col-
umn 15, in the following manner.

Let H— the observed fall acting upon the wheel.
@ = the observed quantity.
@ —=the quantity that would have passed the wheel, if the fall had been
thirteen feet, instead of H, all other circumstances being the same.

As the quantity of water discharged by the wheel, all other things being
equal, will vary as the square root of the fall acting upon the wheel, we have

VE : Q :: Vi3 : ¢,

therefore =0 % .

The quantities given in column 21, have been calculated by this formula.

72. CorvMN 22. Rdatio of the reduced quantily in column 21, to the reduced quantily
in experiment 30. The numbers given in this column indicate the relative quantities
discharged by the wheel in the different experiments, eliminated from the effects
due to the variations in the fall acting upon the wheel; the reduced quantity
in experiment 30 is taken as unity, that experiment giving the maximum -coeffi-
cient. of effect. It will be seen by a comparison of columns 20 and 22, that the
quantity discharged by the wheel, when the gate is fully raised, diminishes regu-
larly with the velocity. The quantity discharged is a minimum in experiment 42,

e Y —

R
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in which the wheel had the least velocity. In experiments 43 and 44, however,
in which the wheel was prevented from revolving, by screwing up the brake, the
quantity discharged was considerably above the minimum. Whether this is due
to an accidental position of the buckets relative to the guides, presenting aper-
tures more favorable to the discharge than the average of all positions, or whether
it is due to some more general cause, the author is not aware.

73. CovuMn 23. Direction of the water leaving the wheel, as indicated by the vane.
The angles given in this column show the position of the vane, relative to a line
passing through the axis of the vane, and parallel to a tangent drawn through
the point in the circumference of the wheel, nearest to the axis of the vane,
zero being in the direction of the motion of the wheel. The apparatus with
which these angles were taken, is described at art. 43. In the experiments’ made
when the gate was fully raised, or nearly so, the vane operated satisfactorily; but
as the height of the gate was diminished, the indications of the vane became
more uncertain. The vane was of nearly the same height as the orifices in the
exterior circumference of the wheel; this was very suitable for the experiments
with the gate fully raised, but in the experiments with the gate partially raised,
a portion of the height of the vane was exposed to irregular currents, which
probably interfered seriously with its operation. The observations made with the
vane in the experiments in which the gate was partially raised, are much less
to be relied on than those made when the gate was fully raised, the value of
the indications being, in some degree, proportioned to the height of the gate.

74. CoLuvMN 24. Mean elevation of the pointer on the bell crank. The numbers
in this column indicate the mean positions of the bell crank, during the experi-
ments, in reference to a gauge placed 6.5 feet from the fulerum of the bell
crank. It will be seen by the table that the mean positions differ but little
from the horizontal; the pointer was however generally a little below, which
indicates that the weight was generally lifted a little too high.

The play of the brake was confined between two fixed stops, placed so that
when the pointer stood at 0.20 feet below the horizontal, the brake struck, —
and it struck the other stop when the pointer was at 0.21 feet above the hori-
zontal. The brake was not allowed, however, to touch either of the stops in any
of the experiments reported, in which it was undertaken to regulate the friction
of the brake; the fact that it did touch was deemed a sufficient reason to reject
the experiment. Little inconvenience, however, was experienced from this cause,
as the hydraulic regulator afforded very perfect control over the brake.



32 EXPERIMENTS UPON THE TREMONT TURBINE.
TABLE |
EXPERIMENTS UPON THE TURBINE AT THE
|
1 2 8 4 5 6 7 8 9 10 ‘
the stimosphers in TOEE. nosper Useful eftct,
No. degrees of Height Duration | of or the
Fahrenheit's reoiig. | Number of | Welght In [ o ihe
of the DATE, thermometer. of t:e e ot e Ending of the of the o';ht?:, revolutions | the scale, ::em;.’ :
e regulat- | Beginning ex, ]
::r: 1861. External Inggate,|  experiment. expertment. m::: bt ofthe whesl in pounds .nﬁ::'::’ i
alr in | Inthe the © | ber second. | avoirdapols. | g
the wheelpit.‘mm“' in d sesoud.
shade. H. (min.| sec. | H. |min.| sec. ment.
1 | February 17, p.um. [ 31.00| 41.00| 11.50| 2| 19| 52.00] 2| 28 15.50| 503.50| 450| 0.89374| 1443.34| 87760.8
2 o « o« | 2900 36.75] 11.60] 2| 37| 8.00] 2| 47| 24.75| 616.75| 550 0.89177| 1443.34| 87567.2
3 “ « o« | 30.25| 86.25 11.45| 2| 56| 26.00] 8{ 6] 41.50| 615.50| 550| 0.89358| 1443.34| 87745.0
4 “ « o« 12900 835.25 11.49] 8| 28| 24.00] 3| 29 8.50 344.50| 550| 1.59651{ 807.08| 33348.3
5 ¢ « o« 12950 85.50, « 8| 29| 8.50 8| 37] 18.00| 489.50| 750| 1.53218| 411.48| 42892.0
6 “ “« &« | 2975 35.25 « 3| 37| 18.00{ 38| 44| 42.75| 444.75| 650 1.46149| 519.77| 51680.6
7 “ « o« | 29.50| 35.50] « 8| 45| 18.00] 3| 52| 32.00| 434.00| 600| 1.38249| 638.36| 60040.8
8 “« « o« 1 29.25| 35.50| « 4| 4| 85.00] 4| 9] 40.50] 305.50{ 400| 1.30933 750.42] 66845.5
9 “« « o« | 2925 85.50[ « 4| 10{ 19.75] 4| 15| 41.00| 321.25{ 400| 1.24514| 854.87| 72416.3
10 “ “ & 129,00 8550 « 4| 15| 41.00{ 4} 24| 7.50 506.50, 600 1.18460| 957.85| 77154.6
11 ¢ « o« | 2900 3575 « 4| 24| 51.00] 4| 33| 44.25| 533.25{ 600 1.12518| 1057.49| 80949.8
12 “ « « | 2850 35.00] « 5| 1{ 10.50| 5| 10| 81.00{ 560.50| 1000| 1.78412 0. 0.
13 | February 18, A.x. 85,75 « 9| 14| 5.50| 9| 22| 58.00{ 532.50) 950 1.78404 0. 0.
14 “ « o« V33,75 86.25| « 9| 42| 82.00 9| 51} 7.25| 515.25; 550! 1.06744| 1156.27| 83969.8
15 “ « & 184925 86.75 « 9| 51| 7.25| 10| 0| 4.50{ 587.25| 550/ 1.02373| 1229.41| 85625.3
16 “ « « | 34,00 36.50] ¢ [ 10{ 12| 27.00| 10| 19} 57.25| 450.25] 450| 0.99945| 1269.42| 86314.4
17 “ “« e« | 88.75 36.50[ « 10| 20| 48.00| 10| 291 23.50| 515.50| 500/ 0.96993| 1319.22| 87051.8
18 “ “« o« | 34000 36.50] ¢« | 10| 41| 55.00| 10| 48] 58.25| 423.25| 400| 0.94507| 1359.28| 87892.7
19 “ « o« | 3475 36.75] « [ 10{ 49| 52.00] 10| 59| 48.00| 596.00] 550! 0.92282| 1397.12| 87714.1
20 ¢ « « |[86.,00 36.000 ¢« | 11| 16/ 14.50| 11} 25| 23.25| 548.75| 500 0.91116] 1416.70{ 87819.8
21 “ « « | 86.50| 36.50) ¢« | 11| 25| 28.25| 11| 35| 33.00] 609.75| 550, 0.90201( 1438.43{ 87964.3
22 “ « « | 8650 36.75| ¢« | 11| 45| 12.00| 11| 59] 8.00| 836.00| 750 0.89713| 1443.06| 88076.2
28 | February 18, p.y. | 41.50| 89.25| « 2; 23| 56.50| 2| 83| 18.00| 561.50{ 1000| 1.78094 0. 0.
24 “ “« « | 8975 38.75 « 2| 41] 30.50| 2| 50| 51.00| 560.50| 500| 0.89206| 1454.24| 88257.1
25 “ “« 89.00{ 40.00| « 2| 50{ 51.00|] 38| 4| 2.00| 791.00{ 700, 0.88496| 1464.80| 88189.9
26 “ “« o« | 3875 88.00f « 8| 22| 7.50| 8| 26| 53.25| 285.75] 250/ 0.87489| 1474.37| 87756.6
27 “ “« « | 38.75| 38.00] < 8| 27| 54.00] 8| 42| 6.25| 852.25| 750| 0.88002| 1474.37| 88271.4
28 “ « « | 3850 86.25 « 8| 58| 40.25| 4| 11} 4.75| 744.50| 650, 0.87307| 1485.63| 88242.7
29 “ « &« | 3850 36.25 « 4| 28| 54.50] 4| 40| 27.00{ 692.50| 600 0.86643| 1498.66/ 88339.3 i
30 “ « o« | 37.25] 86.50( « 4| 55! 58.00] 5| 7| 48.00| 705.00, 600| 0.85106| 1524.67| 88278.9 i
81 | February 20, A.m. 11.48] 9| 16| 16.25{ 9| 25| 35.00{ 558.75| 1000, 1.78971 0. 0. |
32 “ “« « | 83500 85.00f « 9| 47| 40.50| 9| 53| 89.25| 358.75| 800 0.83624| 1552.44| 88820. 1
33 “ « ¢« | 8875 35.000 ¢« | 10{ 8| 85.00( 10| 18| 49.75| 614.75{ 500| 0.81334| 1597.08| 88372.5 ‘
34 [ “ o« | 36,75 35.50 « 10| 87| 80.50] 10| 48] 8.25| 637.75] 500{ 0.78401| 1648.87| 87947.8 |
35 “ « « | 88.00 85.75 « 11| 2| 8.50| 11| 18] 22.25 673.75| 500| 0.74211| 1724.49| 87066.5
36 “ “ o« | 41.00] 85.75| <« | 11| 28| 38.25| 11| 34| 26.00| 647.75] 450, 0.69471| 1816.71| 85863.7
37 “ « o« | 41.50| 86.00] « 11| 48| 56.00| 11| 59| 15.50| 619.50| 400| 0.64568| 1911.45{ 88965.5
38 | February 20, p.M. “ 2| 80| 39.50 2| 39| 59.50| 560.00 1000| 1.78571 0. 0.
39 “ « o« | 4225 85.25] « 2| 55| 11.00| 38| 6] 46.50 695.50{ 450 0.64702| 1911.45| 84189.1
40 “ “ o« | 41,75 85.75| « 8| 21| 56.50| 8| 30| 16.50| 500.00{ 800| 0.60000, 2011.52| 82109.8
41 “ “ o« | 41.75 3575 « 3| 45| 27.50| 8| 56| 25.00| 657.50, 850| 0.58282| 2167.38| 78492.2
42 “ « o« | 4150 86.00] « 4! 9] 29.00| 4| 18| 39.50| 550.50| 250| 0.45413| 2367.88| 73158.0
43 “ “« o« “ 4 58| 0. 4] 59( 80.00{ 90.00 0, 0. 4218.38 0.
44 “ “« o« “ 5/ 2| 0. 5 4| 80.00] 150.00 0 0. 8946.38 0. |
45 | February 21, A.m.| 86.25 85.50] « 9| 22| 57.50| 9| 82| 18.25| 560.75| 1000 1.78333 0. 0.
46 “ “« o« | 8625 85.75 « 9| 38/ 38.00] 9| 49| 4.00{ 661.00] 550; 0.83207| 1565.21 88603.91 ‘
47 “ « « | 86.25 85.75) « | 10| Of 48.75| 10| 11| 1.00| 612.25 500, 0.81666| 1590.50| 88367.8 ;
48 « “ &« 13575 86.25| « | 10| 25| 38.50| 10| 87| 3.25| 684.75| 550/ 0.80821| 1614.79| 88240.1 ‘
49 “ “ « 186,00 36.000 <« | 10| 50| 85.00| 11| 2| 11.75| 696.75{ 550, 0.78938' 1641.34; 88146.2 |
50 “ « o« | 8575 86.25] « 11| 14' 54.00 11| 25| 44.25| 650.25] 500 0.76893] 1679.62 8'1'865.8]| ‘
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by the
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15.082
15.079
15.087
15.036
15.042
15.051
15.061
15.069
15.089
15.102
15.100
15.028
15.071
15.120
15.117
15.116
15.128
15.111
15.114
15.114
15.128
15.123
14.965
15.124
15.118
15.102
15.116
15.117
15.118
15.111
15.084
15.119
15.134
15.129
15.123
15.128
15.117
15.086
15.143
15.136
15.186
15.138
15.116
15.096
15.012
15.156
15.134
15.142
15.144
15.144

2.218|12.864
2.219(12.860
2.218{12.869
2.482|12.554
2.431|12.611
2.398(12.653
2.365|12.696
2.349112.720
2.812|12.777
2.802{12.800
2.281(12.819

2.561/12.510
2.964/12.856
2.229(12.888
2.226|12.890
2.282(12.896
2.281/12.880
2.231{12.888
2.22812.886
2.229(12.899
2.225/12.898
2.586|12.429
2.219|12.905
2.219/12.899
2.209(12.893
2.214/12.902
2.211/12.906
2.212|12.906
2.208/12.908
2.545(12.539
2.204{12.915
2.200|12.934|
2.188/12.941
2.184/12.939
2.184/12.944
2.177/12.940
2.586!12.500
2.180(12.963
2.163/12.978
2.159/12.977
2.18512.948
2.819/12.797
2.322(12.774
2.541|12.471
2.202(12.954
2.202|12.932
2.194/12.948
2.198/12.951
2.192] 12.952

1.8811
1.8811
1.8816
2.0383
2.0180
1.9989
1.9734
1.9536
1.9420
1.9315
1.9226

2.0989
1.9098
1.9054
1.9048
1.8983
1.8908
1.8873
1.8866
1.8856
1.8834
2.0834
1.8773
1.8775
1.8750
1.8758
1.8760
1.8727
1.8697
2.0891
1.8704
1.8701
1.8687
1.8652
1.8539
1.8412
2.0834
1.8481
1.8380
1.8282
1.8252
1.8460
1.8457
2.0864
1.8737
1.8726
1.8723
1.8714
1.8694

139.4206
139.4206
139.4676
156.6470
154.3891
152.2682
149.4653
147.2942
146.0204
144.8734
148.9088

163.4313
142.5180
142.0438
141.9762
141.2762
140.4657
140.0845
140.0066
139.9040
139.6678
161.6944
139.0070
189.0291
138.7601
138.8489
138.8711
138.5134
138.1892
162.3288
138.2668
138.2385
138.0869
187.7076
136.4917
135.1415
161.6944
185.8423
134.7976
138.7538
133.43380
135.6586
135.6205
162.0287
188.6244
188.5023
188.4690
138.3692
138.1559

111870.0
111835.2
111951.2
122663.3
121444.2
120174.8
118363.5
116864.8
116373.2
115667.0
115067.3

127527.8
114284.2
114187.1
114150.8
1138640.9
112848.8
112568.7
112532.3
112563.3
112364.5
125855.0
111893.5
111859.4
111591.0
111740.3
111792.9
111504.9
111218.1
126960.2
111384.0
111521.1
111463.0
111189.7
110200.9
109077.1
126071.1
109433.4
109077.0
108265.8
107764.7
108280.4
108059.4
126034.8
112009.3
111720.6
111882.0
111777.2
1116138.5

0.78449
0.78300
0.78378
0.27187
0.85318
0.43005
0.50726
0.57199
0.62228
0.66704
0.70350
0.
0.
0.73475
0.74987
0.75614
0.76603
0.77442
0.77920
0.78040
0.78147
0.78384
0.
0.78876
0.78840
0.78641
0.78997
0.78934
0.79225
0.79875
0.
0.79294
0.79243
0.78903
0.78340
0.77916
0.76978
0.
0.76886
0.75277
0.72499
0.67887
0.

0.

0.
0.79104
0.79097
0.78904
0.78859
0.78728

28.7656
28.7611
28.7712
28.4169
28.4813
28.5287
28.5771
28.6041
28.6681
28.6939
28.7152

28.3670
28.7566
28.7924
28.7946
28.8013
28.7835
28.7868
28.7902
28.8047
28.8036
28.2750
28.8114
28.8047
28.7980
28.8080
28.8125
28.8125
28.8092
28.3999
28.8225
28.8437
28.8515
28.8493
28.8549
28.8504
28.3557
28.8761
28.8872
28.8916
28.8598
28.6906
28.6648
28.3228
28.8660
28.8415
28.8593
28.8627
28.8638

18.9525
18.9107
18.9491
33.85568
32.4909
30.9921
29.3167
27.7653
26.4041
25.1203
23.8602
37.8336
37.8319
22.6359
21.7090
21.1940
20.5681
20.0409
19.5691
19.3219
19.1278
19.0243
37.7662
18.9168
18.7662
18.5527
18.6616
18.5141
18.8732
18.0474
37.9521
17.7330
17.2475
16.6254
15.7871
14.7319
138.6922
37.8674
13.7205
12.7235
11.2882

9.6302

0.

0.
37.8168
17.6447
17.83179
17.0327
16.7394
16.3058

0.65886
0.65751
0.65861
1.19138
1.14078
1.08635
1.02588
0.97067
0.92102
0.87546
0.83098

1.33366
0.78716
0.75398
0.73604
0.71414
0.69626
0.67979
0.67113
0.66405
0.66048
1.33567
0.65657
0.65150
0.64424
0.64779
0.64257
0.63768
0.62645
1.88685
0.61525
0.59796
0.57624
0.54549
0.51055
0.47459
1.38544
0.47515
0.44045
0.39071
0.33370
0.

0.
1.38521
0.61126
0.60045
0.59020
0.57997
0.56492

140.1557
140.1775
140.1756
159.4058
156.7522
154.3421
151.2442
148.9066
147.2891
146.0009
144.9212

166.6013
143.3140
142.6592
142.5808
141.8448

140.7192
140.6246
140.4507
140.2190
165.3669
139.5177
139.5724
189.3347
139.8752
139.37569
139.0169
188.7076
165.2853
138.7211
138.5858
188.40138
138.0318
136.7866
185.4545
164.8966
185.5854
134.9378
133.8723
133.7007
186.7258
136.8150
165.4245
138.8703
188.8660
188.7468
138.6307
138.4117

1.01044
1.01060
1.01058
1.14922
1.18009
1.11271
1.09038
1.07353
1.06187
1.05258
1.04480

1.20110
1.08321
1.02849
1.02792
1.02262

141.1186{1.01738

1.01450
1.01382
1.01257
1.01090
1.19220
1.00584
1.00623
1.00452
1.00481
1.00482
1.00223
1.00000
1.19161
1.00010
0.99912
0.99779
0.99513
0.98615
0.97655
1.18881
0.97713
0.97282
0.96514
0.96890
0.98571
0.98635
1.19261
1.00117
1.00114
1.00028
0.99945
0.99787

deg.

47
47
47

15
18
20
22
25

29
33
35
38
41
44
46
47
48

49

51
51
52
53
o8

61
66
86
99
115
131

130
189
147

60
63
66
81

89l

24

of the

pointer on
the bell

Feet.

49
30
37
20
26
26
18
26
26

28
87
40
18
25
52
10

54

12
25
48
18

51
45
25

52
16
27
48

~+40.002
0

—0.001
.013
.008

—0.008

—0.001

—0.010

—0.018

—0.013

—0.001

002

004
—0.001
—0.001
—0.008
+40.001
—0.002
—0.005

—0.006
—+0.004
—0.057
—0.018
—0.018
—0.017
—0.018

—0.011
—0.008
—0.004
—0.014
—0.001
—0.013

—0.019
—0.010
—0.005
—0.015

—0.012
—0.008
—0.016
—0.007

44
»

—0.010

5
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TABLE
EXPERIMENTS UPON THE TURBINE AT THE
ﬁ »
1 2 8 4 5 (] 7 8 9 10
Temperature of
the ltmOFPhl:m in TIME. h&:le Useful effect,
No. degrees of Height N lmmr r tal efh
Fahrenheit's m"o - Number of | Welght in | o 0. 0F o
of : DATE, thermometer. of the e of Eoding of the of the ‘fh'; revolutions | the scale, :nh! bn::,
experi- regulat- [ Beginning of the experl- | of ¢l fthe wheel| in m-lll
ment. 1861. External ing gate, experiment. experiment. ment, ::ﬂe::! of .:ond mpoundl ‘nhed“g:’
air In | In the in inches o N the | PF . | & upois. foot per
:I:ah; heelpi ) - experi- second.
“ B H. [min| seo ment.

min.l sec.

17, 11.50

51 | February 21, p.u. | 84.75 86.50, 8.55 | 2 2| 28| 56.00| 404.50{ 600| 1.48331| 890.95 39452.4
52 “ « o« | 3450| 8625 « | 2| 24 81.00/ 2| 32( 28.00 477.00| 600| 1.25786| 775.61| 66373.6
53 « « @« | 3450 3650 « | 2| 83 10.00 2| 41| 55.50| 525.50| 600 1.14177| 963.30| 74827.2
54 « « o« | 3450 86.50 « | 2i 41| 55.50| 2| 50| 25.00| 509.50| 550/ 1.07949| 1069.05| 78512.0
55 “ « o« | 34500 87.00 « | 2/ 50 25.00] 2| 58| 33.00| 488.00| 500| 1.02459| 1150.77 80215.4
56 « « « | 8450 3675 « | 8| 8' 34.00] 8| 16| 20.50| 466.50| 450/ 0.96463| 1242.98' 81572.6
57 “ « o« | 84500 87.000 « | 8] 17| 18.50| 8| 25| 17.00| 483.50| 450| 0.93071| 1298.63| 81911.6
58 “ « o« | 8425 87.00 « | 3| 25| 17.00] 8| 83| 87.00| 500.00{ 450| 0.90000| 1345.47| 82382.7
59 “ « o« | 8495 87.25 « | 8| 33| 87.00| 8| 42| 17.00| 520.00] 450| 0.86538| 1396.11 82195.5
60 “ « o« | 8425 86.75 « | 3| 43| 15.50| 8| 52| 14.25| 538.75| 450| 0.83527| 1444.08] 82057.9
61 “ « o« | 8425 8650 « | 4| 10| 26.00| 4| 19| 45.50| 559.50{ 450| 0.80429| 1494.68 81786.2
62 “ « « | 8400| 86.00| « | 4| 81| 87.50 4| 40| 15.50| 518.00| 400| 0.77220| 1548.69| 81360.6
63 “ « « 18400 86.00] « | 4|51 21.50( 4| 59| 36.00] 494.50| 350| 0.70779| 1656.98 79788.1
64 “ “« o« « | 5 8 87.00 5| 19| 17.25 640.25] 1100/ 1.71808 0. 0.
65 | February 22, A.M. 5.65 | 8 57| 1.00{ 9| 7| 47.00| 646.00| 1000| 1.54799| 0. 0.
66 “ « o« | 3550 85.75 “ | 9| 15 89.00| 9| 21| 12.00| 333.00| 450| 1.85135| 816.08| 29054.7
67 “ « « |8550( 8650 « | 9| 21 51.25| 9| 28| 0.50| 369.25| 450 1.21869| 519.69| 43087.9
68 “ « « | 385500 36.75| « | 9| 28| 45.00{ 9| 36| 26.00{ 461.00| 500/ 1.08460| 720.20 53142.4
69 “ « « |8550087.25| « | 9| 86 26.00{ 9| 43| 4.50| 898.50| 400| 1.00376| 832.26| 56834.2
70 “ « o« | 8575 87.25| « | 9| 48 57.00 9| 50| 16.00| 379.00| 850/ 0.92348| 934.74| 58727.1
71 “ « « | 3575 87.25| « | 9| 51| 14.00| 9| 58| 9.00{ 415.00| 850/ 0.84337| 1033.30| 59287.8
72 “ « o« | 8675 87.25 « | 9 59| 12.50/ 10| 7| 48.75| 516.25| 400| 0.77482| 1115.02| 58776.2
73 “ « « 38900 8575 « | 10f 21| 10.00| 10{ 30| 50.25| 580.25| 450| 0.77553| 1115.02| 58830.1
74 “ « « | 3895 86.00] « | 10| 42| 44.50| 10| 51| 14.50{ 510.00| 850/ 0.68627| 1204.84 56258.1
75 “ « « | 3825 8625 « | 10| 58| 28.00/ 11| 6| 85.00 487.00| 800| 0.61602| 1277.98| 53559.4
76 “ “« « |3825 86.25| « | 11| 18| 59.00{ 11| 21| 17.00| 438.00| 200| 0.45662| 1482.56| 46056.1
77 | February 22, .M. | 87.50 85.75| 9.96 | 11| 83| 20.00 11| 40| 9.50| 409.50| 850| 0.85470| 1482.56| 86207.6
78 u « « | 3800 8600 « { 11|46 21.00| 11| 53| 27.00| 426.00| 850/ 0.82260, 1544.87| 86351.4
79 “ “« p.u| 4075 8575 <« | O 0O 4250 O 8 6.00( 443.50| 350| 0.78918| 1604.85 86164.4
80 | February 22, p.u.| 42.75| 86.00 2.875 2| 83| 11.00| 2| 38| 81.25 820.25| 400| 1.24902 0. 0.
81 “ «  « | 4375 86.50{ « | 2| 42| 8.00| 2| 47| 52.00| 349.00( 400 1.14618| 118.59| 9247.0
82 “ “« o« | 44,00 87.00] « | 2| 48| 41.00] 2| 54| 45.50| 864.50| 850/ 0.96022| 825.39| 21256.6
83 “ « « | 44.25 87.25| « | 2| 55| 46.00] 8| 2| 14.50| 388.50| 800| 0.77220| 519.86| 27810.9
84 “ « « |4375 87.25| « | 8| 2| 14.50| 8| 9| 41.00| 446.50| 300 0.67189| 612.22| 27985.1
85 “ « « | 4350/ 87.00] « | 8| 11| 21.50{ 3| 18| 48.00] 446.50| 250| 0.55991| 704.44; 26833.8
86 “ “« « | 4850 36.75| « | 8| 20 34.50{ 3| 27| 47.00| 482.50| 200| 0.46248| 777.58| 24462.9
87 “ « « | 43925 86.50] « | 8| 33 10.50| 8| 44| 17.00| 666.50| 200 0.30007| 882.02| 18006.4
88 “ “« o« | 42250 8625 « | 4| 2| O. of 0. 1195.06 0.
89 “ “« o« « | 4]/ 10 o. o 0. 1054.25 0.
90 | February 22, p.x. | 42.00| 87.75| 1.00 | 4| 27| 8.50| 4| 38| 47.00 408.50( 250| 0.61958| 118.59| 4998.8
91 “ « « « | 4] 85 1.00/ 4] 42| 16.50| 435.50| 800 0.68886| 73.14| 8427.7

4| 45| 42.00 5| 2| 54.00(1032.00| 400| 0.38760| 296.39| 7815.6

| 92 “ « ¢« | 41,00 83725 «
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EXPERIMENTS UPON THE TREMONT TURBINE.
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TREMONT MILLS, IN LOWELL, MASSACHUSETTS.
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11
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in feet.

12
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water

after
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wheel,
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in the
wheel-
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in feet.
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wheel,
in feet.

14

Depth of
‘water
on the

welr,
in feet.

15
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of water
which passed
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cublie feet
per second.

of the water,

10 17
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effect to

the power
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avoirdupois
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foot per
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second. sxpen

18

Velocity
due to the
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wheel, in
feet per
second.

circumf'nce
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wheel to
the

veloch
due to t
fall acting

on the

wheel.

21

Quantity of
water which
passed the
wheel,
reduced to a
uniform fall
of 18 feet, in
cubic feet
per second.

quantity in
column 21, the

quantity in
experiment
80.

22
Ratio
of the
reduced

to the
reduced

o1
52
58
54
55
56
57
58
59

61
62
63
64

15.095
15.128
15.134
15.134
15.139
15.138
15.143
15.144
15,151
15.153
15.155
15.162
15.162
15.079

2.387
2.255
2.225
2.194
2.189
2.187
2.178
2.168
2.152
2.139
2.129
2.122
2.134
2.859

12.758
12.873
12.909
12.940
12.950,

12.951

12.965
12.976
12.999
13.014
13.026
18.040
13.028
12.720

1.9178
1.8792
1.8656
1.8660
1.8586
1.8450
1.8408
1.8336]
1.8240
1.8186
1.8117
1.8022
1.8013
1.9742

148.3319
189.2094
137.7518
187.7962
187.0026
135.5434
135.0974
134.3304
183.3014
182.7344
131.9960
180.9918
130.8932
149.5470

0.84589
0.59379
0.67462
0.70592
0.72485
0.74499
0.74975
0.75772
0.76049
0.76158
0.76260
0.76363
0.75012
0.

114060.7
111778.7
110917.6
111219.8
110664.7
109494.5
109252.2
108724.1
108082.5
107746.9
107246.3
106544.4
106366.6
118652.1

28.6468 31.4548
28.7756, 26.6739
928.8159 24.2121
28.8504/22.8914
28.8616|21.7272
98.8627 | 20.4557
28.8788/19.7865
28.8905' 19.0852
28.9161/18.3511
28.9828/17.7125
28.9461!17.0556
28.9617/16.3751
28.9484/15.0091
28.6041|36.4332

1.09802
0.92696
0.84023
0.79345
0.75281
0.70873
0.68344
0.66060
0.63463
0.61219
0.58922
0.56541
0.51848
1.27870

144.6849
139.8945
138.2365
138.1153
137.2668
185.7996
185.2797
134.4546
183.3066
182.6630
131.8642
180.7903
130.7525
151.1840

1.04309
1.00856
0.99660
0.99573
0.98961
0.97903
0.97529
0.96934
0.96106
0.95642
0.95066
0.94292
0.94265
1.08995

65
66
67

69
70
71
72
73
74
75
76

77
78
79

15.1389
15.148
15.159
15.164
15.171
15.178
15.1729
15.183
15.179
15.159
15.174
15.183

1.969
2.071
2.025
1.988
1.956
1.920
1.897
1.872
1.869
1.833
1.812
1.771

18.170

13.077

18.134
18.176
18.215
13.253
18.282

18.811

18.310
13.326!

18.862
13.412

1.7160
1.6829
1.6590
1.6409
1.6309
1.6139
1.5959
1.5793
1.5783
1.5541
1.5371
1.5034

121.9685
118.5511
116.0987
114.2599
113.2448
111.5197
109.7130
108.0452
107.9493
105.5341
103.8516
100.5410

100194.6
96699.5
95112.0
93904.9
93346.0
92188.4
90893.3
89707.1
89620.7
87720.9
86555.6
84110.0

0.

0.30046
0.45302
0.56592
0.60885
0.63703
0.65228
0.65520
0.65643
0.64127
0.61879
0.54757

29.1057
29.0028
29.0659
29.1123
29.1554
29.1973
29.2292
29.2611
29.2600
29.2776
29.8171
29.3719

32.8262
28.6564
25.8432
22.9997
21.2856
19.5831
17.8844
16.4306
16.4457
14.5530
18.0631

9.6830

1.12783
0.98806
0.88912
0.79003
0.73007
0.67072
0.61187
0.56152
0.56205
0.49707
0.44558
0.32966

121.1788
118.2016
115.5050
118.4942
112.3198
110.4502
108.5420
106.7756
106.6848
104.2353
102.4352

98.9847

0.87363
0.85216
0.83272
0.81823
0.80976
0.79628
0.78252
0.76979
0.76913
0.75147
0.73850
0.71362

Direction

87

30
|30
32
17
56
13
27

56

.007

.013
—0.011
—0.016
—0.014
—0.011
—0.005
—0.004
—0.042
—0.021
—0.022

001

002
—0.020
—0.027
—0.006
—0.014
+0.001
—0.029
—0.028
—0.024/
—0.029

15.079
15.079
15.087

2.196
2.183
2.175

12.883
12.896
12.912

1.8620
1.8583
1.8544

187.3618
136.9694
136.5469

0.78100
0.78375
0.78350

110880.8
110176.6
109973.0

28.7868
28.8013
28.8192

18.1246
17.4226
16.7351

0.62961
0.60492
0.58069

137.9842
187.5206
187.0114

0.99478
0.99144
0.98777

80
81
82
83
84
85
86
87
88
89

14.774
14.769
14.772
14.788
14.798
14.806
14.820
14.803
14.762
14771

1.427
1.400
1.877
1.348
1.315
1.293
1.264
1.244
1.246
1.240

13.347
13.369
18.395
18.435
13.478
18.513
18.556
13.559
13.516
13.531

1.2914
1.2787
1.2492
1.2206
1.1960
1.1748
1.1497
1.1118
1.0623
1.0630

80.4534
78.8433
76.6213
74.0590
71.8750
70.0063
67.8158
64.5053
60.3593
60.4190

66979.0
65746.8
64018.1
62062.0
60424.6
59006.4
57842.0
54554.9
50886.6
50993.4

0.
0.14065
0.33204
0.44006
0.46314
0.45476
0.42661
0.33006
0.

0.

29.8006' 26.4865
29.3248,24.3046
29.3533'20.3622
29.3971'16.3751
29.4441/14.2480
29.4823 11.8733
29.5292| 9.8061
29.5324; 6.3633
29.4856| 0.

29.5020| 0.

0.90396
0.82881
0.69369
0.55703
0.48390
0.40278
0.33208
0.21547
0.

0.

79.4007
77.71476
75.4831
72.8501
70.5889
68.6646
66.4105
63.1616
59.1959
59.2216!

0.57243
0.56051
0.54419
0.52521
0.50890
0.49503
0.47878
0.45536
0.42677
0.42695

90
91
92

14.806
14.815

0.821
0.814
14.832] 0.812

13.985
14.001

14.020,0.7653

0.7798

0.7846

88.2210
88.5699
37.1783

33340.8
33683.5
32508.0

0.14993

29.9928!13.1386

0.101 76{ 30.0099,14.6079
0.24042 | 80.0303] 8.219.‘3II 0.27370

0.43806

0.48677

86.8505
87.1655
85.7956

0.26567
0.26794
0.25806

52
28

30
30
32
30

34
40

—0.087
—0.029 |
—0.018

008
0.010°
002 |
—0.001
—0.022

—0.025
—0.026
|
|

.004
.030
—0.006
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DESCRIPTION OF THE DIAGRAM REPRESENTING THE EXPERIMENTS.

75. For the purpose of presenting a general view of the experiments, the
coefficients of effect, at different velocities, are plotted at figure 1, plate VI, on a
system of coordinates. The ratios of the velocities of the interior circumference
of the wheel, to the velocities due the fall acting upon the wheel, given in
column 20, table II, are taken to represent the velocities; these ratios are here
called the velocities, and are taken on the axis of abscissas 4.X; the correspond-
ing coefficients of effect given in column 17, table II, are taken upon the axis
of ordinates AY.

76. The line CD represents the experiments made with the regulating gate
fully raised;—to avoid confusion a portion of the experiments are omitted;—
the experiments represented are those numbered from 4 to 42, inclusive, which
were made in regular sequence, with gradually increasing weights. It will be
observed in the table of experiments, that several trials were made with the brake
entirely removed; these were made, generally, after the wheel had been left for
some time, for the purpose of seeing if it was in as good running order as usual;
if any material change had taken place, it would have been indicated by a change
in the velocity of the wheel

The experiments thus made, omitting experiment 12, in which the height in
the wheelpit was not observed, are collected together in the following table.

Ratio of the velocity of the interior cir-
N‘;;nbﬁxgngw cumference of the wheel, to the velocity
pel due the fall acting upon the wheel.

13 1.33366
23 1.33567
81 1.33635
88 1.33544 .
45 1.33521 :
Mean . . . 1.38527

The greatest variation in these velocities is in experiment 18, which is y}4
part below the mean; the running condition of the wheel must, consequently,
have been nearly uniform.

In all the experiments with the brake removed, the coefficient of effect, of
course, is nothing, and they would be represented on the diagram by points on
the axis of abscissas; for the sake of distinctness, only one of those tried when
the gate was at its full height, is represented on the diagram.
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There is a small irregularity in the line CD, at numbers 26 and 27; both
these experiments were made with the same weight in the scale, and under sim-
ilar circumstances, except that in 26, water was used to lubricate the friction
pulley, and in 27 oil was used.

It has been stated, that, with heavy loads, the brake operates much more
steadily with oil as a lubricator, than with water, and the change in the lubrica-
tor at experiment 27, was made in consequence of the difficulty experienced by
the operator, in regulating the tension of the brake screws. In %experiment 26,
nearly his whole strength, applied to the extremity of a wrench about three feet
long, was required to move the nuts, whereas, in experiment 27, the same opera-
tion was performed with great ease. Experiment 26 was of much shorter dura-
tion than experiment 27, and a portion of the discrepancy may be due to a
proportionally less perfect observation of the data in 26.

The line CD shows that, with a velocity of the interior circumference of the
wheel not less than 44 or more than 75 per cent. of that due to the fall, the
" useful effect is 75 per cent. or more, of the total power expended. Beyond
these points, the change in the coefficient of effect is nearly equal for equal and
opposite variations of speed; thus, the diagram indicates that the coefficient of
effect is 70 per cent. of the power expended, at the velocities 0.360 and 0.834.

0.436 — 0.360 = 0.076
0.834 — 0.750 = 0.084.

Taking the mean of the extreme velocities, that is, of 0, when the wheel
was still, and 1.335, when the brake was removed, we have

188540 _ 0.6675.
2

which is not far from the velocity giving the maximum coefficient of effect;
that is to say, when the gale i fully raised, the cocficient of effect i3 & mazimum
when the wheel 18 moving with about half its mazimum velocify.

77. Experiments 43 and 44 were both made with the gate fully raised, but
the wheel at rest, the brake being screwed up sufficiently tight to prevent the
wheel from revolving;— they were made for the purpose of ascertaining the total
effort that could be exercised by the wheel.

By reference to column 9, of the table of experiments, it will be seen that,
in experiment 43, the weight sustained was 4213.38 pounds, and in 44, the weight
was 3946.38 pounds. These experiments were made under circumstances nearly
identical, except that in 43, the weight preponderated, and in 44, the power of



38 EXPERIMENTS UPON THE TREMONT TURBINE.

the wheel preponderated. In 43, the weight was the least that would cause the
scale to lower when the bell crank was placed horizontally, and then left free;
on the other hand, in experiment 44, the weight was the greatest that would
allow the scale to be raised under the same circumstances; that is to say, in 43,
the weight represents the force exercised by the water against the wheel, plus
the friction of the entire apparatus, and in 44, the weight represents the same
thing, minus the friction; the difference of the weights, or 4213.38 — 3946.38 = 267
pounds, represents double the friction, and the true force exercised by the water
against the wheel, is represented by the weight

4213.38 - 8946.38 __
; = 4079.88 pounds.

This weight acted at a distance from the centre of the wheel, equal to the
effective length of the brake, or 10.827778 feet (art. 50).

The radius of the turbine, at the outer extremities of the buckets, is 4.146
feet (art. 35), consequently, the equivalent force acting tangentially at the outer
extremities of the buckets, was

4079.88 X 10.827778 ___
146 = 10665.1 pounds.

78. The line E F represents the experiments numbered 77, 78, and 79, made
with the gate raised 9.96 inches, or about 87 per cent. of the full height. By
a reference to the table of experiments, it will be seen that, although the regu-
lating gate was lowered 13 per cent, the quantity of water discharged by the
wheel was diminished less than one per cent.

79. The line ¢ H represents the experiments numbered from 51 to 64, inclu-
sive, made with the gate raised 8.56 inches, or about three fourths of the full
height.

80. The line 7K represents the experiments numbered from 65 to 76, inclu-
sive, made with the gate raised 6.65 inches, or nearly a half of the full height.

81. The line LM represents the experiments numbered from 80 to 87, inclu-
sive, made with the gate raised 2.875 inches, or one fourth of its full height.
Experiments 88 and 89 were made with the same height of gate, but with the
wheel held fast by the brake; the force exerted by the wheel at the distance
10.827778 feet, independent of friction, was

119508 110042 — 112465 pounds.
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82. The line N O represents the three experiments numbered 90, 91, and
92, made with the regulating gate raised one inch.

An examination of the diagram will show that the velocity corresponding to
the maximum coefficient of effect, diminishes with the height of the gate. For
heights not less than one fourth of the whole height, this diminution is sufficiently
regular; for heights less than one fourth, the experiments are not sufficient to
indicate the velocity giving the best effect, but the diminution is evidently more
rapid than for greater heights of gate.

PATH DESCRIBED BY A PARTICLE OF WATER IN PASSING THROUGH THE WHEEL.

83. As in many other problems in hydraulics, resort is here had to a par-
ticular hypothesis, which, at best, is only an approximation to the truth, neverthe-
less, it may be the means of throwing some light upon the mode in which the
water acts upon the wheel.

The particular hypothesis here assumed is this; every particle of water contained
in the wheel, situated ot the same distance from the axis, moves in the same direction relative
to the radius, and with the same velociy. According to this hypothesis, the successive
sections in which the same particles of water are found, are in cylindrical surfaces,
concentric with the wheel.

Applying this hypothesis to experiment 30, on the Tremont Turbine, let us
suppose

Q" = the mean quantity of water discharged through each aperture of the
wheel, in cubic feet per second.

o = the angular velocity of the wheel

R = the radius of the circle inscribing the inuner edges of the buckets, or 0 4,
figure 3, plate VL

R’ = the radius 0B.

¢ =the time occupied by a particle of water in passing from the section A.D
to the section B C, or, which is the same thing, through the radial
distance R'— R.

A =the area of AB CD, in square feet.

H=—the mean height, in feet, between the crowns of the wheel, between the
sections AD and BC.

‘We have

A H— the volume of water contained between the sections AD and B C.
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¢ is the time occupied by a particle of water in passing from the section
AD to the section BC, and it will evidently be the time required for the dis
charge of the volume AH. We find ¢ by the proportion

Q':1: AH: t=i“,—q
¢
If the wheel was at rest, a particle of water at A would arrive at B in the
time 7#, but the wheel is moving with the angular velocity w, therefore the point
B, in the time 7, will have advanced to E, and

BE=Ruwt= R’_a&i_}f’

consequently, a particle of water at A, instead of becing at B, at the end of
the time ¢, will have arrived, by some path, at the point E. In this manner,
by taking successive values of R, sufficiently near to each other, the entire path
of a particle of water, from its entrance into the wheel, up to the moment of
its discharge, may be traced; and as, by the hypothesis, all the particles at the
same distance from the axis move with the same velocity, and in the same
relative direction, the path of the entire stream, from its entrance into the wheel
to its discharge, will be determined.

In experiment 30, we have the total quantity discharged by the wheel equal
to 138.1892 cubic feet per second; as the wheel has forty-four apertures,

Q = 138;1892 = 3.14066 cubic feet per second.

The velocity of the interior circumference of the wheel was 18.0474 feet per
second, and the interior radius of the wheel being 3.375 feet, we have

__ 18.0474
= 73375

= 6.3474 feet per second,

consequently,

__B34TARAH __ {nno
BE“__:ﬁZﬁEs—_ 1.7026 R’ A H.

84. The successive steps in the calculation for the entire path, are given in
table IIL

The arcs of circles FG, HI etc. are drawn on a plan of the buckets, figure
2, plate VI, with the radii contained in the first column.

CoLuMy 2 contains the entire areas of these circles.
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CoLuMN 3 contains the areas of the rings comprised between these circles,
which are obtained by taking the differences of the successive areas in column 2.

CoLuMN 4 contains the areas reduced to square feet, of -that part of each ring
corresponding to a single aperture in the wheel, including also the area occupied
by the thickness of the corresponding part of one bucket.

CoLvmx 6. Corrections for the thickness of the buckets; — these- are deduced
from measurements taken on a full sized plan of the buckets.

CoLumy 6. True areas of the partial rings, being the differences of the cor-
responding areas in columns 4 and 5.

CoLumMy 7. Mean heights of the partial rings;—these are also taken from a
full sized drawing of the wheel

CoLomn 8. Volumes of the partial rings, or the products of the corresponding
numbers in columns 6 and 7.

CoLumn 9. Volumes between the radius R, and the successive values of the
radius R These are obtained by adding together the volumes of the partial
rings, up to the corresponding radius; — they are the successive values of A H.

CoLuMN 10. The ordinates; — these are successive values of

1.7026 R'A H,

the successive values of R’ being taken in feet, instead of inches, as they are given
in column 1.

TABLE III.

1 2 3 4 5 6 lird 8 9 10

Value of | Areas in aquare Areas in of the armas | Correction for | True areas of | Mean helght |Volumes of the Volumes feet, to be
R, and |inches, of circles, square inches | of the rings | the thicknees | the partial of the partial rings, |bet Rand on

successive | of the radii in of the in the Jast | Of the bucket,| rings,in partial rings,| in cubk the successive | arcs of the
values of | the last column. ‘complete rings. 1 q foet. | 8q foet. in feet. feet. values of R/, oorr:‘mmding
IV. Inches. Square foet. Cublo feet. . InL
column

40.5 5152.997
41.5 5410.608 | 257.611 | 0.04066 | 0.00091 | 0.03975 | 0.9264 | 0.03682 | 0.03682 | 0.2168
42.5 5674.502 | 263.894 | 0.04165 | 0.00099 | 0.04066 | 0.9080 [ 0.03692 | 0.07374 | 0.4447
43.5 5944.679 | 270.177 | 0.04264 | 0.00106 | 0.04158 | 0.8940 | 0.03717 | 0.11091 | 0.6845
44.5 6221.189 | 276.460 | 0.04363 | 0.00115 | 0.04248 | 0.8840 | 0.03755 | 0.14846 | 0.9373
45.5 6503.882 | 282.743 | 0.04462 | 0.00128 | 0.04334 | 0.8775 | 0.03803 | 0.18649 | 1.2039
46.5 6792.909 | 289.027 | 0.04562 | 0.00146 | 0.04416 | 0.8755 | 0.03866 | 0.22515 | 1.4854
47.5 7088.218 | 295.309 | 0.04661 | 0.00174 | 0.04487 | 0.8800 | 0.03949 | 0.26464 | 1.7835
48.5 7389.811 | 801.593 | 0.04760 | 0.00212 | 0.04548 | 0.8920 | 0.04057 | 0.80521 | 2.1003
49.0 7542.964 | 153.153 | 0.02417 | 0.00138 | 0.02279 | 0.9055 | 0.02064 | 0.32585 | 2.2654
49.25 | 7620.129 77.165 | 0.01218 | 0.00078 | 0.01140 | 0.9145 | 0.01042 | 0.33627 | 2.3498
49.50 | 7697.687 77.568 | 0.01224 | 0.00087 [ 0.01187 | 0.9210 | 0.01047 | 0.34674 | 2.4352
49.75 | 7775.638 77.951 | 0.01230 | 0.00081 | 0.01149 | 0.9277 | 0.01066 | 0.35740 | 2.5228

6
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85. The arcs F @, HI etc, figure 2, plate VI, are taken equal to the ordi-
nates 0.2168, 0.4447 etc, in column 10 of the table; the points @, @, I ete. K,
are joined by a line, which is the limit of the stream on one side. The limit
on the other side is found by making the arcs GL=FN, IM=H O, etc.;
the points R, L, M, etc. P, being joined by a line, give the limits of the stream
on this side. .

86. By an inspection of the figure, it is plain that, in experiment 30, the
path of the water through the wheel must have been a continuation of the
direction given to it by the fixed guides ¥V W, and that there was no sudden
change of direction or velocity, up to a point near where the water was dis-
charged from the wheel. The abrupt change at this point, indicated by the
figure, could not, in reality, have taken place, as we know by the direction
assumed by the vane, which is represented at §7' in its mean position during the
experiment.

87. The foregoing hypothesis will evidently lead to results more nearly cor-
rect, the nearer the buckets are to each other, until, in the case in which the
spaces between them are infinitely small, it will give the path accurately. In
applications like the above, where the spaces are very considerable, it is assumed
by the hypothesis that the water passes through in curved lamins, superimposed
on each other, the first of which, in contact with the concavity of the bucket,
is constrained by it and the rotation of the wheel, to move in a particular
path; this, in its turn, constrains the next lamina to move in a similar path;
and so on.

By an inspection of figure 2, plate VI, it is reasonable to suppose, that a
- lamina, far removed from the concavity of the bucket, will take a path differing
from that of a lamina near it; the abruptness in the curve near its extremity,
will be diminished, somewhat in proportion to the distance of the lamina from
the concavity of the bucket, the water passing out from the wheel more
nearly in the direction in which it was moving, during its approach to the
circumference of the wheel. These views go far to explain the discrepancy
between the path determined by the hypothesis, and the direction assumed by
the vane.

88. Whatever objection may be made to the method by which the path,
given in figure 2, plate VI, is obtained, it cannot be denied that its general
course must have been nearly as represented; this being admitted, it is difficult
to see how centrifugal force can operate in the important manner that is com-
monly assigned to it. The path is concave to the axis only in a very slight
degree, and through a part only of its course; nevertheless, it is only in con-
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sequence of a concavity in the path, that centrifugal force can have any exist-
ence. With the gate only partially raised, this force may act powerfully in
increasing the discharge, and a similar effect may be produced, at high velocities,
with the gate fully raised; but in experiment 30, giving the maximum -coefficient
of effect, it can have had only a slight action.
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RULES FOR PROPORTIONING TURBINES.

89. IN making the designs for the Tremont, and other turbines, the author
has been guided by the following rules, which he has been led to by a com-
parison of several turbines designed by Mr. Boyden, which have been carefully
tested and found to operate well.

Rule 1st. The sum of the shortest distances between the buckets, should be
equal to the diameter of the wheel.

Rule 2d. The height of the orifices at the circumference of the wheel, should
be equal to one tenth of the diameter of the wheel.

Rule 3d. The width of the crowns should be four times the shortest dis-
tance between the buckets.

Rule 4th. The sum of the shortest distances between the curved guides, taken
near the wheel, should be equal to the interior diameter of the wheel.

The turbines, from a comparison of which the above rules were derived,
varied in diameter from twenty-eight inches to nearly one hundred inches, and
operated on falls from thirty feet to thirteen feet. The author believes that
they may be safely followed for all falls between five feet and forty feet, and
for all diameters not less than two feet, and, with judicious arrangements in other
respects, and careful workmanship, a useful effect of seventy-five per cent. of the
power expended, may be relied upon. For falls greater than forty feet, the
second rule should be modified, by making the height of the orifices smaller in
proportion to the diameter of the wheel.

90. Taking the foregoing rules as a basis, we may, by aid of the experi-
ments on the Tremont Turbine, establish the following formulas.

Let D =the diameter of the wheel at the outer extremities of the buckets.
d = the diameter of the wheel, at the interior extremities of the buckets.
H—the height of the orifices of discharge, at the outer extremities of
the buckets.
W= the width of the crowns occupied by the buckets.
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NN = the number of buckets.
n = the number of guides.
P —the horse-power of the turbine; a horse-power being 650 pounds
avoir. raised one foot per second.
k= the fall acting upon the wheel.
Q = the quantity of water expended by the turbine, in cubic feet per
second. -
V =the velocity due the fall acting upon the wheel. _
V’—=the velocity of the water passing the narrowest sections of the wheel.
v —the velocity of the interior circumference of the wheel: all the veloci-
ties being in feet per second.
C—=the coefficient of V, or the ratio of the real velocity of the water
passing the narrowest sections of the wheel, to the theoretical
velocity due the fall acting upon the wheel

The unit of length is the English foot.

It is assumed that the wuseful effect is seventyfive per cent. of the total
power of the water expended.

According to rule 1, we have the sum of the widths of the orifices of dis-
charge, equal to D). Then the sum of the areas of all the orifices of discharge,
is equal to DH.

By the fundamental law of hydraulics we have

V=vZgh.
therefore
V= Cvy2qh.

We can find the value of ¢ in the last equation by experiment 30, on the
Tremont Turbine. In that wheel we have for the sum of the widths of the
orifices of discharge, 44 X 0.18757 —8.25308 feet, and the height of the orifices of
discharge =— 0.9314 feet. Then we have, for the sum of the areas of all the ori-
fices of discharge,

HD —825308 X 0.9314 = 7.68692 square feet.

By experiment 30, we have
¢ = 138.1892 cubic feet per second,
h=12.903 feet,
29 =8.0202 feet,
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consequently,

138.1892 — 7.68692 X 8.0202 y¥12.903 C,
or C=0.624.

By rule 2, we have #=10.10 D:

then HD = 0.10 D
and Q= HDV' = 010" C V2%,
or Q=0.5D*Vk.

Calling the weight of a cubic foot of water 62.33 pounds avoir. we have

075 X 6233 ‘
P=——5— 0%
or P=0.085 Q4;

or, substituting the value of @ just found,
P =0.0425 D*h \/A,

from which we may deduce

D—=485 \/]%

92. The number of buckets is, to a certain extent, arbitrary, and would usually
be determined by practical considerations: some of the ideas to be kept in mind
are the following. '

The pressure on each bucket is less, as the number is greater; the greater
number will therefore permit of the use of the thinner iron, which is important,
in order to obtain the best results. The width of the crowns will be less for
a greater number of buckets: a narrow crown appears to be favorable to the
useful effect, when the gate is only partially raised. As the spaces betwcen the
buckets must be proportionally narrower for a larger number of buckets, the
liability to become choked up, either with anchor ice, or other substances, is
increased. The amount of power lost by the friction of the water against the
surfaces of the buckets, will not be materially changed, as the total amount of
rubbing surface on the buckets, will be nearly constant for the same diameter:
there will be a little less on the crown, for the larger number. The cost of
the wheel will probably increase with the number of bucketss The thickness
and quality of the iron, or other metal intended to be wused for the buckets,
will sometimes be an element. In some waters, wrought iron is rapidly corroded.
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The author is of opinion that a general rule cannot be given for the num-
ber of buckets; among the numerous turbines working satisfactorily in Lowell,
there are examples in which the shortest distance between the buckets is as
small as 0.75 inches, and in others as large as 2.75 inches.

As a guide in practice, to be controlled by particular circumstances, the fol-
lowing is proposed; to be limited to diameters of not less than two feet;

N=23(D+ 10).

Taking the nearest whole number for the value of AN.

The Tremont Turbine is 8} feet in diameter, and, according to the proposed
rule, should have fifty-five buckets, instead of forty-four. With fifty-five buckets,
the crowns should have a width of 7.2 inches, instead of 9 inches; with the
narrower width, it is probable that the useful effect, in proportion to the power
expended, would have been a little greater when the gate was partially raised.

92. By the 3d rule, we have for the width of the crowns,

and for the interior diameter of the wheel

8D
d=— D—TV—'

By the 4th rule, d is also equal to the sum of the shortest distances between
the guides, where the water leaves them.

93. The number #, of the guides, is, to a certain extent, arbitrary; the
practice at Lowell has been, usually, to have from a half to three fourths of
the number of the buckets; exactly half would probably be objectionable, as it
would tend tq produce pulsations, or vibrations.

94. The. proper velocity to be given to the wheel, is an important consid-
eration. Experiment 30, on the Tremont Turbine, gives the maximum coefficient
of effect for that wheel; in that experiment the velocity of the interior circum-
ference of the wheel, is 0.62645 of the velocity due to the fall acting upon the
wheel. By reference to the other experiments with the gate fully raised, it will
be seen, however, that the coefficient of effect varies only about two per cent.
from the maximum, for any velocity of the interior circumference, between fifty
per cent. and seventy per cent. of that due to the fall acting upon the wheel.
By reference to the experiments in which the gate is only partially raised, it
will be seen that the maximum corresponds to slower velocities; and as turbines,
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to admit of being regulated in velocity for variable work, must, almost necessarily,
be used with a gate not fully raised, it would appear proper to give them a
velocity such, that they will give a good effect under these circumstances.

With this view, the following is extracted from the experiments in table IL

Ratio :f the v:ltol::ity hof lme itxlxlteriolr eiir-
N b f th Helght f th lat- cumierence o .OW ee,to eveoct.y
oxparmont | " ing i i s, | 400 th ol stiog upon the wheel, con
of effect.

30 11.49 0.62645

62 8.55 0.56541

78 5.65 0.56205

84 2.875 0.48390

By this table it would appear, that, as turbines arc generally used, a velocity
of the interior circumference of the wheel, of about fifty-six per cent. of that due
to the fall acting upon the wheel, would be most suitable. By reference to the
diagram at plate VI, it will be seen that, at this velocity when the gate is fully
raised, the coefficient of. effect will be within less than one per cent. of the
maximum.

Other considerations, however, must usually be taken into account, in deter-
mining the velocity; the most frequent is the variation of the fall under which
the wheel is intended to operate. If, for instance, it was required to establish a
turbine of a given power, on a fall liable to be diminished to one half, by
backwater, and, that the turbine should be of a capacity to give the requisite
power at all times; in this case, the dimensions of the turbine must be deter-
mined for the smallest fall; but if it has assigned to it a velocity, to give the
maximum effect at the smallest fall, it will evidently move too slow for the
greatest fall; and this is the more objectionable, as, usually, when the fall is
greatest, the quantity of water is the least, and it is of the most importance to
obtain a good effect. It would then be usually, the best arrangement, to give
the wheel a velocity corresponding to the maximum coefficient of effect, when
the full is the greatest. To assign this velocity, we must first find the propor-
tional height of gate, when the fall is greatest; this may be determined approxi-
mately by aid of the experiments on the Tremont Turbine.

We have seen that P — 0.085 Q4.

Now, if 4 is increased to 24, the velocity, and, consequently, the quantity of
water discharged, will be increased in the proportion of y% to y2%; that is to
say, the quantity for the fall 24, will be V2 @.
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Calling P’ the total power of the turbine on the double fall, we have

)

P = 0.085 2 Q24,
or P —0.085 X 2.8284 Q.

Thus, the total power of the turbine is increased 2.8284 times, by doubling
the fall; on the double fall, therefore, in order to preserve the effective power
uniform, the regulating gate must be shut down to a point that will give only
z.5357 part of the total power of the turbine.

In experiment 15, the fall acting upon the wheel was 12.888 feet, and the
total useful effect of the turbine was 85625.3 pounds raised one foot per second;
z.34sr part of this is 30273.4 Ibs.; consequently, the same opening of gate that
would give this last power, on a fall of 12.888 feet, would give a power of
86625.3 1bs. raised ome foot per second, on a fall of 2 X 12.888 feet— 25.776
feet. To find this opening of gate, we must have recourse to some of the
other experiments.

In experiment 73, the fall was 13.310 feet, the height of gate 5.65 inches, and
the useful effect 58830.1 pounds. In experiment 83, the fall was 13.435 feet, the
height of gate 2.876 inches, and the useful effect, 27310.9 pounds. Reducing both
these useful effects to what they would have been, if the fall was 12.888 feet, —

]

the useful effect in experiment 73, 58830.1 :—?}:—?;% = 56064.5,
3
¥

« « « 83, 273109 (Toge) = 26660.1.

By a comparison of these useful effects with the corresponding heights of
gate, we find, by simple proportion of the differences, that a useful effect of
302734 pounds raised one foot high per second, would be given when the
height of the regulating gate was 3.296 inches.

By another mode: —

as 25660.1 : 2.875 :: 30273.4 : 2.875 X %:3.392 inches,

a little consideration will show, that the first mode must give too little, and the
second, too much; taking a mean of the two results, we have for the height
of the gate, giving 5 gzlzz of the total power of the turbine, 3.344 inches.
Referring to table IL, we see that, with this height of gate, in order to obtain
the best coefficient of useful effect, the velocity of the interior circumference of

7
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the wheel, should be about one half of that due to the fall acting upon the
wheel ; and by comparison of experiments 74 and 84, it will be seen that, with
this height of gate, and with this velocity, the coefficient of useful effect must
be near 0.50.

This example shows, in a strong light, the well-known defect of the turbine,
viz,, giving a diminished coefficient of useful effect, at times when it is important
to obtain the best results. One remedy for this defect would be, to have a
spare turbine, to be used when the fall is greatly diminished; this arrange-
ment would permit the principal turbine to be made nearly of the dimensions
required for the greatest fall. As at other heights of the water, economy of
water is usually of less importance, the spare turbine might generally be of a
cheaper construction.

95. To lay out the curve of the buckets, the author makes use of the following
method.

Referring to plate IIL, figure 1, the number of buckets, &V, having been deter-
mined by the preceding rules, set off the arc gi— ENB
Let w =g#A, the shortest distance between the buckets;

t — the thickness of the metal forming the buckets.

Make the arc g#—=5w. Draw the radius OF, intersecting the interior cir-
cumference of the wheel at /; the point / will be the inner extremity of the
bucket. Draw the directrix /m tangent to the inner circumference of the wheel
Draw the arc on, with the radius w7 from 7, as a centre; the other directrix,
'gp, must be found by trial, the required conditions being, that, when the line
ml is revolved round to the position g7, the point m being constantly on the
directrix gp, and another point at the distance mg—rs, from the extremity of
the line describing the bucket, being constantly on the directrix m/, the curve
described shall just touch the arc mo. A convenient line for a first aﬁproxima—
tion, may be drawn by making the angle Ogp=11°. After determining the
directrix according to the preceding method, if the angle Ogp should be greater
than 12° or less than 10°, the length of the arc g% should be changed, to bring
the angle within these limits.

The curve gss's”l, described as above, is mnearly the quarter of an ellipse,
and would be precisely so, if the angle gm! was a right angle; the curve may
be readily described, mechanically, with an apparatus similar to the elliptic tram-
mel; there is, however, no difficulty in drawing it by a series of points, as is
sufficiently obvious.
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96. The trace adopted by the author, for the corresponding guides, is as
follows.

The number n having been determined, divide the circle, in which the
extremities of the guides are found, into n equal parts, vw, wz, etc.

Put " for the width between two adjoining guides,

and ¢ for the thickness of the metal forming the guides.
d

We have by rule 4, w’=;.

With w as a centre, and the radius o’ 7, draw the arc yz; and with z as a
centre, and the radius 2 (w’-4-?), draw the arc a’%. Through » draw the portion
of a circle v¢, touching the arcs yz and 4'4’; this will be the curve for the
essential part of the guide. The remainder of the guide, ¢’d’, should be drawn
tangent to the curve ¢'v; a convenient radius is one that would cause the curve
¢d, if continued, to pass through the centre 0. This part of the guide might
be dispensed with, eicept that it affords great support to the part ¢’v, and thus
permits the use of much thinner iron than would be necessary, if the guide ter-
minated at ¢, or near it.

97. Collecting together the foregoing formulas for proportioning turbines,
which, it is understood, are to be limited to falls not exceeding forty feet, and
to diameters not less than two feet; we have

for the horse-power,
P =0.0425 D*hvk ;

D= 4.85\/;_%;

for the quantity of water discharged per second,

for the velocity of the interior circumference of the wheel, when the fall is not
very variable,

for the diameter,

or, v=4491V%;

for the height of the orifices of discharge,
H=10.10D;
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for the number of buckets,
N=3(D+10);

for the shortest distance between two adjacent buckets,
D

ﬂ):——;

for the width of the crown occupied by the buckets,

4D
W=-g;
for the interior diameter of the wheel,
8D

for the number of guides,
n=—0.50 to 0.7T6 N;

for the shortest distance between two adjacent guides,

Table IV. has been computed by these formulas.

For falls greater than forty feet, the height of the orifices in the circum-
ference of the wheel, should be diminished; the foregoing formulas may, however,
still be made use of; thus, supposing that for a high fall, it is determined to make
the orifices three fourths of that given by the formula; divide the given power, or
quantity of water to be wused,'by 0.75, and use the quotient in place of the
true power, or quantity, in determining the dimensions of the turbine; no modi-
fication of the dimensions will be necessary, except that i of the diameter of
. the turbine should be diminished to % of the diameter, to give the height of
the orifices in the circumference.

98. It is plain, from the method by which the preceding formulas have
been obtained, that they cannot be considered as established,. but should only be
taken as guides in practical applications, until some more satisfactory are pro-
posed, or the intricacies of the turbine have been more fully unravelled. The
turbine has been an object of deep interest to many learned mathematicians,
but, up to this time, the results of their investigations, so far as they have been
published, have afforded but little aid to Hydraulic Engineers.
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TABLE 1IV.

63

Table for Turbines of different diameters, operating on different falls; assuming that the useful effect 1s
seventy-five per cent. of the power expended; also that the velocity of the tnterior circumference ts

Sifty-six per cent. of the velocity due the fall;

of the outside diameter.

and also that the height between the crowns is |

Outside diameter 2.000 feet.
Inside ¢ 1.668 ¢
Number of buckets 36.

Outside diameter 8.000 fect.
Inside ¢ 2.385 «
Number of buckets 39.

Outside diameter 4.000 feet.
Inside ¢ 8238 «
Number of buckets 42,

Outside diameter 5.000 feet.
Inside  « 4.111 «
Number of buckets 45.

Outside diameter 6.000 feet.
Inside ¢ 65.000
Number of buckets 48.

36

%

Number
of
revolu-
tions

minate.

Quantity|
of water
dis-

cl

in cubje
feet per
second.

Number

horse-
power.

Quantity|

o

of water Number
dis-

charged

in cubie

feet per

second.

Number
revolu-
tions

per
minute.

horase-
power.

of water Number
dis- of

cl revolu-
In cubic
feet per

per
second. minute.

He

Q

of water Number
dis- Number

charged | of horse-

revolu- |di

Quantity
of water Number

d| of horse-

in cubic tions
feet per

second.

power.
minute.

in cablo
feet per
second.

power.

4.47
4.90
5.29
5.66
6.00

123.3
135.1
145.9
156.0
165.4

6.32
6.63
6.93
7.21
7.48

174.4
182.9
191.0
198.8
8.90| 206.3
7.75| 9.88
10.88
11.92
12.98
14.08

213.5
220.5
227.8
233.9
240.3

15.21
16.36
17.54
18.75
19.99

246.6
252.7
258.6
264.4
270.1

21.25
22.54
23.85
25.19
26.55

275.7
281.1
286.5
291.8
296.9

10. 58
10.77

10.95
11.14
11.31
11.49
11.66

27.98
29.34
30.77
82.23
38.70

802.0
807.0
311.9
316.7
821.5

11.83
12.00
12.17
12.33
12.49
12.65

35.20
36.72
38.26
89.82

326.2
330.8
335.4
339.9
41.40| 344.3
43.01| 348.7

4.28
38.62
7.08
8.66
10.38

80.4
88.1
95.2
101.7
107.9

10.06
11.02
11.91
12,73
13.50

113.7
119.3
124.6

129.7
134.6

12.10
13.95
15.90
17.98
20.04

14.28
14.92
15.59
16.28
16.84

189.3
143.9
148.3
152.6
156.8

22.22
24.48
26.80
29.21
31.68

17.43
18.00
18.55
19.09
19.61

160.9
164.8
168.7
172.5
176.2

34.21
36.81
39.47
42.19
44.97

20.12
20.62
21.11
21.58
22.04]

179.8
183.4
186.9
190.3
193.7

22.50
22.95
23.38
23.81
24.23

47.81
50.71
53.66
56.67
59.78

197.0
200.3
203.5
206.6
209.7

24.65
25.05
25.46
25.85
26.24

62.85
66.02
69.24
72.51
75.83

212.8
215.8
218.8
221.7
224.6
227.5

79.20
82.62
86.09
89.60
93.16
96.77

26.62
27.00
27.37
27.74
28.10
28.46

59.2
64.9
70.1
74.9
79.5

17.88
19.60
21.17
22.63
24.00

25.30
26.53
27.71
28.84
29.98

83.8
87.9
91.8
95.5
99.1

102.6
106.0
109.2
112.4
115.5

30.98
82.00] .
32.99
88.94
34.87

118.5
121.4
124.2
127.0
129.8

85.78
36.66
87.52
38.37
89.19

40.00
40.79
41.57
42.33
43.08

132.4
135.1
137.6
140.2
142.6

145.1
1475
149.8
152.2
154.5

43.82
44.54
45.25
45.96
46.65

156.7
158.9
161.1
163.3
165.4
167.5

47.33
48.00
48.66
49.32
49.96

27.95
30.62
38.07
35.35
87.50

39.53
41.46
43.30
45.07
46.77

48.41
50.00
51.54
53.03
54.49

885
90.9

55.90
57.28
58.63
59.95
61.24| 124.92

93.3
95.6
97.9
100.1
102.2

62.50
63.74
64.95
66.14
67.31

104.8
106.4
108.4
110.4
112.4

68.46
69.60
70.71
71.81
72.89

114.3
116.2
118.0
119.9
121.7

73.95
75.00
76.03
77.05
78.06
79.06

123.4
125.2
126.9
128.6
130.3
132.0

50.60

40.25
44.09
47.62
50.91
54.00

17.11
22.49
28.34
34.62
41.31

56.92
59.70
62.36
64.90
67.35

48.38
55.82| 56.0
63.60
71.72
80.15

69.71
72.00
74.22
76.37
78.46

88.88
97.92
107.24
116.84
126.71

80.50
82.49
84.43
86.32
88.18

136.84
147.24
157.88
168.76
179.89

90.00
91.78
93.58
95.25
96.93

191.25
202.84
214.65
226.69
238.94] 92. 4

98.59
100.22
101.82
103.40
104.96

251.41
264.08
276.96
290.04
303.33

94.0
95.5
97.0
98.5
100.0

106.49
108.00
109.49
110.96
112.41
113.84

316.81
330.48
844.34
858.40
372.64
387.06

101.5
102.9
104.3
105.7
107.1
108.5




RULES FOR PROPORTIONING TURBINES.

TABLE 1V.— CoNTINUED.

Outside diameter 7.000 feet. Outside diameter 8.000 feet. Outside diameter 8.000 feet. Outelde diameter 10.000 htj
Inside “  5OM “« Inside “ 6815 “ Incide % 7787 Inside % 8667 “
Number of buckets 51. Number of buckets 5. Number of buckets 57, Number of buckets 60.
Fall
t::t. Q“::a? of Number Nu:nrber Q“::a? of Number N“:‘fm Qu:rl:tteur’ of Number . N“:;m Qﬁ?e? of Number Nu‘;-*ber
disc od, of revolu- | discharged, of revolu- | discharged, | of horse- | revolu- | discharged of horse- | revolu-
in cubl horso- tions in cubie horse- tions in cubic power. tions in cublo ’ power. tions
feet per powor. per feet per power. per feet per per fect per r
second. midute. second. minute. second. minute. second. ute.
5 54.78 23.28I 32.5 71.55 30.41] 28.1 90.56 38.49| 24.8| 111.80 47.52| 22.1
6 60.01 30.611 35.6 78.38 39.97| 380.8 99.20 50.59| 27.2( 12247 62.46| 24.2
7 64.82 38.57) 38.4 84.67 5037/ 33.3] 107.15 63.76| 29.3] 132.29 78.71 26.2
8 69.30 47.12] 41.1 90.51 61.55| 35.6| 114.55 7790, 31.4| 141.42 96.17) 28.0
9 73.50 56.23] 43.6 96.00 73.44; 87.8] 121.50 92.95| 83.3] 150.00 114.75| 29.7
10 77.47 65.86] 46.0f 101.19| 86.02| 39.8 128.07| 108.86; 35.1] 158.11 184.40, 381.3
11 81.26 75.97) 48.2| 106.13 99.23; 41.7) 134.32| 125.59| 386.8] 165.83 155.05| 32.8
12 84.87 86.57| 50.8] 110.85! 113.07| 43.6 140.30 143.10] 388.4| 178.21 176.67| 384.3
13 88.34 97.61| 52.4] 11538 127.49| 45.4] 146.03{ 161.36] 40.0; 180.28 199.21| 385.7
14 91.67| 109.09| 54.4] 119.73] 142.48| 47.1] 151.53| 180.33| 41.5] 187.08 222.63| 37.0
15 94.89| 120.98 56.3] 123.94] 158.02| 48.7] 156.86] 199.99| 42.9| 1938.65 246.90, 38.3
16 98.00| 133.28| 58.1] 128.00] 174.08{ 50.3| 162.00| 220.32| 44.3] 200.00 272.00, 39.6
17| 101.02| 145.97| 59.9] 131.94| 190.65| 51.9] 166.99| 241.29| 45.7] 206.16 297.89] 40.8
18! 108.94| 159.03| 61.7] 185.76| 207.72 53.4]| 171.83| 262.89| 47.0] 212.13 824.56; 42.0
19| 106.79| 172.47| 63.3| 139.48| 225.27| 54.9| 176.58| 285.10, 48.3| 217.94 351.98 43.1
20| 109.57| 186.26] 65.0] 148.11| 243.28] 56.3] 181.12| 807.91| 49.6] 2238.61 380.13| 44.3
21| 112.27| 200.41| 66.6] 146.64] 261.75{ 57.7) 185.60 331.28| 50.8] 229.13 408.99| 45.4
22| 114.91] 214.89] 68.2| 150.09] 280.67| 59.0 189.96| 855.23 52.0| 234.52 438.55| 46.4
28| 117.50| 229.71| 69.7) 153.47| 300.03| 60.4] 194.23| 879.72| 63.2| 239.79 468.79| 47.5
24| 120.02| 244.85| 71.2] 156.77| 3819.81| 61.7| 198.41| 404.76| 54.3] 244.95 499.70| 48.5
25| 122.50| 260.31] 72.7] 160.00] 840.00| 62.9] 20250, 430.31| 55.4f 250.00 531.25| 49.5
26| 124.93| 276.09] 74.1| 163.17] 3860.60| 64.2] 206.51| 45639 56.5 254.95 563.44{ 50.5
27| 127.830| 292.17| 75.5| 166.28/ 381.61f 65.4) 210.45| 48297 57.6] 259.81 596.26| 51.4
28| 129.64| 3808.55| 76.9] 169.33] 403.00 66.6] 214.31| 510.05| 58.7) 264.58 629.69] 52.4
29| 181.93| 825.22| 78.3| 172.32| 424.78| 67.8] 218.09| 537.61| 59.7| 269.26 663.72; 53.8
80| 1384.19| 842.19] 79.6| 175.27| 446.94 68.9] 221.83| 565.66] 60.7] 273.86 698.35] 54.2
81| 186.41| 3859.44| 80.9] 178.17| 469.47| 70.1] 225.50; 594.18{ 61.7| 278.39 733.55| 55.1
82| 188.59| 876.97| 82.2) 181.02| 492.37| 71.2| 229.10( 623.16] 62.7] 282.84/ 769.33 56.0
33| 140.74| 394.78 83.5| 183.82| 515.63| 72.3| 232.66] 652.59] 63.7, 287.23 805.67; 56.9
34| 142.86| 412.86] 84.7| 186.59] 539.24| 73.4] 236.16| 682.48, 64.6 291.55 842.57| 57.7
85| 144.94| 4381.21] 86.0] 189.31] 563.21| 74.5| 239.60 712.82| 65.6] 295.80 880.02) 58.5
36| 147.00] 449.82| 87.2| 192.00, 587.52| 75.5| 243.00{ 743.58; 66.5| 300.00 918.00f 59.4
87| 149.03| 468.69] 88.4] 194.65| 612.17| 76.6| 246.35| 774.77) 67.4] 3804.14 956.51| 60.2
88| 151.03| 487.82| 89.6] 197.26| 637.15| 77.6| 249.66| 806.40| 68.3] 808.22 995.55| 61.0
39| 153.00| 507.20] 90.8 199.84| 662.47| 78.6| 252.92| 838.44| 69.2] 812.25| 1035.11] 61.8!
40| 164.95| 526.83] 91.9] 202.39) 688.12] 79.6 256.15 870.89] 70.1] 3816.23{ 1075.17| 62.6 !
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EXPERIMENTS ON A MODEL OF A CENTRE-VENT WATER-WHEEL, WITH
STRAIGHT BUCKETS.

99. TeE author was led to this design by the consideration of the path of
the water in passing through the wheel, according to the hypothesis in art. 83.
It is a wheel well suited for low falls, in which the water, over the wheel, may
stand at its natural height, without requiring a vertical shaft of great length.
Its simplicity and cheapness, combined with its other good qualities as a hydraulic
motor, must recommend it for many such situations.

100. Plate VII, figure 1, is a general plan, and figure 2, a vertical section
of the apparatus.

Figure 3 is a vertical section through the apertures in the guides and wheel;
the guides and buckets are omitted to avoid confusion in the figure.

Figure 4 is a horizontal section of part of the guides and buckets, showing,
also, the path of the water in experiment 3, according to the hypothesis in art. 83.

A is the wheel; the exterior diameter is 22f inches; the interior diameter
is 19} inches; the height between the crowns, or B C, figure 3, is 2]1% inches;
it carries thirty-six buckets, EE, figure 4, of steel, about ;5 of an inch in thick-
ness, fastened to the wheel by means of the wooden cushions FF, figure 3; the
upper cushions are screwed to the disc D, and the- lower ones to the crown G. The
disc D is of cast-iron, § inch thick, with a suitable hub by which it is connected
with the vertical shaft.

HH are guides of cast-iron, which direct the water into the wheel, and also
support the plate 7, which protects the wheel from pressure on its upper surface;
the contraction of the streams entering the apertures between the guides, is ‘dimin-
ished by the curved wooden garniture K; there are twenty-four guides. The mean
shortest distance between the buckets at a8, figure 4, is 0.0339 feet; the mean
shortest distance between the guides c¢d, figure 4, is 0.0437 feet; and the height
of both is 2} inches=0.2344 feet; we have, therefore, for the sum of the
areas of the smallest sections between the guides,

0.0437 X 0.2344 X 24 =—0.24584 square feet.
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Similarly, the sum of the areas of the smallest sections between the buckets is

0.0339 X 0.2344 X 36 = 0.28606 square feet.

The water is admitted into the forebay Z, by the pipes M M; the diaphragm
N is to diminish the agitation of the water.

101. The apparatus for gauging the water discharged by the wheel, con-
sisted of the weir O, which had sharp edges; the depth on the weir was
measured by a hook gauge, in the box P, which communicated, by a small
aperture, with the surrounding water; the height of the water above the wheel
was taken at a gauge in the box @; this box was made sloping on one side,
in order to permit a better view of the gauge. The zeros of both gauges were
at the level of the top of the weir; consequently, the difference in the read-
ings of the gauges gave at once the fall acting upon the wheel

102. The apparatus for measuring the power, consisted of the Prony dynamom-
eter R, attached to the upper part of the vertical shaft; the weights were applied
by means of the bell crank S, figures 1, 2, and 5; the oscillations of the brake
were diminished by the hydraulic regulator 7, and the extent of the oscillations
was limited by the stops UU. The speed of the wheel was obtained by means
of a counter, driven by the worm V, attached to the top of the upright shaft;
this was so arranged as to strike a bell once in fifty revolutions of the wheel

In order to diminish the passive resistances, the weight, bearing upon the
step W, was counterbalanced, in part, by other weights, one of which is represented
at y, figure 2; these were attached to the brakes at the points X X, by vertical
cords passing over pulleys; the weight, resting on the step when the wheel was
immersed, and the dynamometer attached, was found to be 170 pounds; the coun-
terbalance was 160 pounds, leaving 10 pounds bearing upon the step. The
entire apparatus for measuring the power, was in equilibrium when there were
no weights in the scale.

103. In all the experiments, except experiment 10, the brake was lubricated
with oil; in experiment 10 water was used for this purpose; experiments 9 and
10 were identical in all other respects. It was noticed in experiment 10 that
the whole apparatus trembled very much; this must have consumed some power,
which is perceptible in the coefficients of effect. Experiment 9, in which oil was
used, and in which the trembling of the apparatus was very slight, gives a coeffi-
cient of effect of 0.6922; while experiment 10, in which water was used to
lubricate the brake, and in which the trembling of the apparatus was very dis-
tinct, gave 0.6886 as the coefficient of effect.

=
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104. All the apparatus was constructed with great care and precision; the
surfaces of the cast-iron guides were ground smooth; and the castiron disc and
lower crown of the wheel were turned true, and polished, in order to diminish,
as much as possible, the resistance of the water to the motion of the wheel.

105. In table V., the quantity of water discharged has been calculated by
the formula

@ =3.33 (I— 0.1nk) A%,

in which @ =the quantity in cubic feet per second; I=—=the length of the
weir = 8.003 feet; m=—the number of end contractions—=2; A=—the depth upon
the weir. The weights were obtained for the purpose from Mr. O. A. Richard-
son, the official sealer of weights and measures for the City of Lowell. The
effective length of the lever of the dynamometer, was two feet. The tempera-
ture of the water was 63}° Fahrenheit. Temperature of the air at 8% 35" A. M,
63° Fahrenheit. The weight of a cubic foot of water is taken at 62.3128 pounds,
which is deduced from table L

If, in any experiment, the brake touched, even momentarily, either of the
stops U U, it was rejected; with the use, however, of a regular and sufficient
quantity of oil to lubricate the brake, and a properly constructed hydraulic reg-
ulator, there is seldom any difficulty from this cause, except at very low velocities.

8
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CENTRE-VENT WATER-WHEEL, WITH STRAIGHT BUCKETS. 59

106. In the foregoing table, experiments 4, 5, 6, and 7, were made with the
wheel still; the brake was screwed up tight, and the pressure of the water upon
the buckets, was measured by weights in the scale. In experiments 4 and 7,
the weights were sufficient to balance the effect of the pressure of the water on
the buckets, and also to overcome the friction of the apparatus; in other words,
the weights were the least that would cause the scale to preponderate over the
active and passive forces. In experiments 6 and 6, the weights in the scale were
the greatest that the pressure upon the buckets would raise, and overcome the
friction of the apparatus; consequently, the force of the water acting upon the
buckets, may be considered as balanced by the average of the weights in the
fourth and fifth experiments, and, also, by the average in the sixth and seventh
experiments,

To obtain the true weight that would balance the pressure, we must reduce
the weights in the different experiments to what they would have been, if the
fall acting upon the wheel had been constant.

The following table shows the weights reduced to a uniform fall of 2.5 feet,
obtained by simple proportion; thus, in the fourth experiment,

2.5160 : 25.75 :: 2.500 : 25.586.

The quantities discharged are also given for a uniform fall of 2.5 feet.

chT, reduced to
Number of | Actual full acting upon| Weight in scale by | Weight reduced to a a uniform fall of 2.5
experiment. the wheel, in feet. |ex; t, in pounds.| uniform fall of 2.5 feet. ftet,'::mc:bh feet
per .

4 2.5160 25.750 25.586 1.9651
5 2.5074 19.375 19.318 1.9567
6 2.4405 19.250 19.719 1.9568
7 2.3735 24.125 25.411 1.9584
Means 22.5085 1.9592

The mean reduced weight, when the weights preponderated, is 25.4985 pounds.
and when the pressure on the buckets preponderated, . 19.5185 «
Difference, . . . . . . . . . . . . .« .+ .« . . . . 59800 pounds

Half of this difference, or 2.99 pounds, may be considered as the measure of
the passive resistances, or, rather, of the friction of the apparatus.

107. In experiment 13, the brake was entirely removed, and the wheel
allowed to run without load; with the brake, the counterbalance was necessarily
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removed, consequently the passive resistance arising from the friction of the step,
was much greater than in the other experiments.

108. Fig. 6, plate VII, is a diagram representing the experiments; the
abscissas represent the ratios of the velocities of the exterior circumference of
the wheel, to the velocities due to the falls acting upon the wheel, as given
in column 14, of table V.; the ordinates represent the ratios of the useful
effects to the powers expended, as given in column 11; the points, represent-
ing experiments 12 and 13, are connected by a broken line, because the latter
experiment is not strictly comparable with the others, in consequence of the
removal of the counterbalance.

109. The following table contains the successive steps of the calculation for
the ordinates of the path of the water in experiment 3, represented at figure 4,
plate VIL; the operations are all similar to those explained in articles 83 and
119. The ordinates in column 10 are obtained by the formula

. — —7— b
in which

0 is the ordinate,

R’ the corresponding value of the radius in column 1,
850 X 27

w, the angular velocity = ——=10.684,
AH, the corresponding volume in column 9,
@", the mean quantity discharged by each aperture in the wheel=%:2=0.06022.
1 2 3 4 5 6 v 8 9 10
Valueof | Areasin | Areasin '315’ Volumes | Ordinates
R and square

n(llnm of the areas | Correction for| True areas Height | Volumes of | between R in feet,
successive | Inches, of | inches, of | (e ine rings the thickness | of the partial | of the the partial and the measured
values of | circles of the 1 8, of the bucket,| rings, in partial rings, in sucoessive | on arcs of
IV,in | the radii in lete |y feet.| 1D 89 feet.| aq feot. rings, cubic feet. | values of R/, |the radil in
inches. | column 1. rings. - * in feet. in cublo feet. | colomn 1.

11.437| 410.936
11.000{ 380.133| 80.803 0.005942| 0.000262| 0.005680| 0.2344! 0.001331| 0.001331| 0.1962
10.500{ 346.361| 33.772( 0.006515| 0.000350| 0.006165] 0.001445| 0.002776| 0.3906:
10.250| 830.064 16.297| 0.003144| 0.000198| 0.002946| « 0.000691| 0.003467| 0.4762
10.000| 814.159| 15.905| 0.003068| 0.000228| 0.002840| « 0.000666( 0.004133; 0.5538
9.875| 306.354) 7.805{ 0.001506| 0.000156/ 0.001350, 0.000316( 0.004449, 0.5887
9.750| 298.648, 7.706/ 0.001486| 0.000175{ 0.001811| « 0.000307| 0.004756| 0.6214
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EXPERIMENTS ON THE POWER OF A CENTRE-VENT WATER-WHEEL, AT
THE BOOTT COTTON-MILLS IN LOWELL, MASSACHUSETTS.

110. Tms wheel is one of a pair constructed from the designs of the author
by the Lowell Machine Shop, for the Boott Cotton-Mills, in 1849. During a
considerable portion of the year, the fall, on which these wheels operate, is about
nineteen feet; with this fall, and with the regulating gates raised to the full
height, they each furnish an effective power of about 230 horse-power.

A patent for the term of fourteen years was issued, July 26, 1838, by the
Government of the United States of America, to Samuel B. Howd, of Geneva, in
the State of New York, for a water-wheel resembling, in some respects, the wheels
at the Boott Cotton-Mills* Under this patent, a large number of wheels have
been constructed, and a great many of them are now running in different parts
of the country; they are known in some places as the Howd wheel, in “others as
the United States wheel; they have uniformly been constructed in a very simple
and cheap manner, in order to meet the demands of a numerous class of millers
and manufacturers, who must have cheap wheels if they have any.

111. TFigures 3 and 4, plate IX, are a plan and vertical section of one of
the Howd wheels, constructed by the owners of the patent right for a portion
of New England. 4, the wooden guides by which the water is directed on to
the buckets; B, buckets of cast-iron, fastened to the upper and lower crowns
of the wheel, by bolts; the upper crown is connected with the vertical shaft E,
by the arms C. D, the regulating gate, placed oufside of the guides; this is made
of wood; the apparatus by which it is moved is not represented; it is a simple
arrangement of levers. The upright shaft £ runs on a step at the bottom.
This wheel is usually placed in the bottom of a rectangular forebay, which, in
high falls, may be closed at the top, so as to avoid the necessity of using a
vertical shaft of great length. The peculiarly shaped projections on one side of
the buckets, it is said, increase the efficiency of the wheel, by diminishing the

* A wheel similar, in its essential features, was proposed in France, in 1826, by Poncelet.
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waste of water; it is possible that some such effect may be produced by them.
The author is not aware that any exact experiments have been made on the
power of these wheels; from their form and construction, however, it is plain
that they cannot be classed among those using water with very great economy.
In the design for the Boott wheel, the author has so modified the form and
arrangement of the whole, as to produce a wheel essentially different from the
Howd wheel, as above described, although it may, possibly, be technically covered
by the patent for that wheel.

112. Figures 1 and 2, plate VIIL, are a vertical section, and a plan of the
Boott centre-vent wheel, showing, also, the apparatus used in the experiments. A4,
the lower end of a pipe, about one hundred and thirty feet long, and eight feet
in diameter, by which the water is conducted into the forebay B ; this pipe is
constructed of plate iron, three eighths of an inch in thickness, riveted together in
the usual manner of making steam-boilers. For local reasons, the top of the fore-
bay B is closed, so as to prevent the water from rising to its natural level, by
about six or seven feet. C, the surface of the water in the Merrimack River,
represented at about its medium height during the experiments. D, the wheel;
E, the guides; F, the regulating gate, the apparatus for moving which, is not rep-
resented ; @, the disc, which relieves the whecel from the vertical pressure of the
water, and which also supports the lower bearing of the vertical shaft. The
leather packing of the regulating gate F, slides against the circumference of the
disc, which is turned smooth and cylindrical for that purpose, and the disc itself
is supported by means of four brackets, two of which are represented at HH,
by the columns JI The vertical shaft K is of wrought iron, and it passes through
the stuffing box Z, and is supported by the box M, which has a series of recesses
lined with babbit metal, fitted to receive a corresponding series of projections in
the vertical shaft. The wheel, the vertical shdft, and the bevel gear usually on
the latter, have a total weight of about 15,200 pounds; the bearing surface in
the box M is about 331 square inches, consequently, the weight, per square inch,
of bearing surface, is about 46 pounds.

Figures 3 and 4, plate VIIL, represent the wheel and guides on a larger
scale. The buckets and guides are equal in number, there being forty of each;
the buckets are of plate iron, } of an inch in thickness; the guides are of the
same material, # of an inch in thickness. The following dimensions were taken
after the parts were finished: —

Mean shortest distance between adjacent buckets, or ab
figure 4, . . . . . . . . . . . . . . . . .. 01384 feet.
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Mean height between the crowns, at the inner extremities of

the buckets, or ¢d, figure 3, . . . . . . . . . . . 12300 feet.
Mean height between the crowns, at the outer extremities of

the buckets, or ef, figure 3, . . . . . o« . 09990 «
Mean shortest distance between the a.dJacent gmdes, or gh,

figure 4, . . . . .« « . 01467 «

Mean height of the orifices between the gmdes, or alc figure 3, 1.0066 «
Diameter of the wheel at the outside of the buckets, . . . . 9.338 “
Diameter of the wheel at the inside of the buckets, . . . . 7.987 «

113. Several of the peculiar features of this design are covered by patents
issued by the Government of the United States to U. A. Boyden. His patents
cover the arrangement of the regulating gate, by placing it between the guides
and the wheel, and having it detached from the garniture; making the height
between the crowns of the wheel greater where the water is discharged, than
where it enters; they also cover the self-adjusting apparatus on which the box
M is supported.

114. Returning to figures 1 and 2, plate VIII, &V is the friction pulley of
the dynamometer, which is attached to the part of the shaft intended to receive
the hub of the bevel gear, for the transmission of the power; O, the brake of
maple wood; P, the bell crank, and @, the hydraulic regulator; the friction
pulley and the brake were subsequently used in the experiments on, the Tremont
Turbine, in the account of which they are more particularly described, (see arts.
37 and 38). R, the weir at which the water discharged by the wheel was
gauged; S, a grating for the purpose of equalizing the flow of the water towards
the weir; 7, the gauge box in which the depths on the weir were observed.
The communication between the water inside the box, and that surrounding it,
was maintained by means of an aperture in the bottom of the box, (which
extended 1.06 feet below the top of the weir,) and which was 4.12 feet from the
weir. It may be thought, at first sight, that the depths on the weir were taken
8o near it, as to be affected by the curvature in the surface, caused by the
discharge over the weir, but the experiments at the Lower Locks, (art. 173,)
prove, conclusively, that when the communication between the water inside the
box, and that outside of it, is maintained, by means of a pipe opening near
the bottom of the canal, the depths are not affected in any appreciable degree,
by the curvature in the surface. If any such effect was produced in this case,
it must have been very slightt U and ¥V are the gauge boxes at which the
heights of the water, below and above the wheel, were observed, in order to
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obtain the fall acting upon the wheel. The velocity of the wheel was obtained
by means of the counter W. The apparatus for lubricating the brake is not
represented on the plate; in some of the experiments, water was used, and in
others, linseed oil.

The experiments were made according to the method of continuous observa-
tions, which has been sufficiently described in the account of the experiménts on
the Tremont Turbine.

115. The experiments on the Boott centre-vent water-wheel, are given in
detail in table VI, which will be intelligible, without much further explanation
than is contained in the respective headings of the several columns.

116. Corvmn 10. Useful effect, or the friction of the brake, in pounds avoirdupois
raised one fooi per second. The brake was connected with the vertical arm of
the bell crank, by a link, which was horizontal when the brake was in its
normal position. When in this position, the length of a perpendicular, from the
centre of the vertical shaft, to the line joining the points of the brake and bell
crank to which the link was attached, was 9.743 feet; the effective length
of the vertical arm of the bell crank, was 4.5 feet, and of the horizontal arm
to which the scale was attached, 6 feet; consequently, the effective length of
the brake was

9.748 X 5 _
o= 10.826 feet.

117. Corvmn 15. Quantdy of wader passing the wheel, in cubic feet per second.
This quantity was gauged at the weir. The length of the weir was 13.998 feet;
the width of the raceway on the upstream side of the weir, was 17 feet; the
crest of the weir was 11.14 feet above the bottom of the raceway. The quantity
has been computed by the formula

Q=333 (1—0.1nk)A%,

determined from the experiments made, in 1852, at the Lower Locks. (See art.
268.) In this formula

@ =the quantity in cubic feet per second.
{=the length of the weir—=13.998 feet.
n=the number of end contractions—=2.

h=the depth on the weir, given in column 14.
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TABLE
EXPERIMENTS ON THE BOOTT
1 P 3 4 5 (] 4 8 9 10
Tomper- TIME. Total Usefal efiect,
the | Ieight Durstion| of | Number of | Weight in | o055
DATE, o e o;.“if“ © of the e | 20 "o | rovotutions | the sale, | the brake
0. grees of | 1ating ©X] of the
PN -l e et
ther- |inch seconds. prive m
experl- mome- experl-
ment. ter. H. !min.| sec. | H. |min.| seo. ment.

1 | October 17, A.M. | 54 31101319 | 10| 17| 82 | 253 | 150| 0.59289 | 575.56| 23211.8

2 “ « « « «! 11| 30| 8.5| 11| 36| 42 | 398.5] 850 | 0.87829| <202.09| 12073.5

3 « « “ « “i 11| 46| 11 | 11| 54| 15 | 484 | 850 0.72814| 407.25| 20032.3

4 « 99 o« 49,5 «| 11| 217 | 11|19 7 (1010 | 550 0.54455| 606.00| 22447.2

5 « “ « « “l 11| 33| 41 | 11| 45| 22 | 701 | 850| 0.49929| 666.34| 22630.5

6 “ “ “« « “| 11} 59| 24 0| 6|49 | 445 | 200| 0.44944{ 720.50( 22026.8

7 | November 5,p.M. | 44 “! 4] 14| 47 4| 21| 20 | 393 | 100] 0.25445| 981.87 16129.1

8 “ 7,A.M. | 45 “] 9] 40|19 9| 48| 32 | 493 | 500 1.01420 0. 0.

9 | October 17, p.m. | 53 6| 2| 34| 15.5] 2| 44| 59 | 643.5]| 650| 1.01010| 834.06| 22952.9
10 “ “ “ « «| 2| 56| 6 3| 5|39 | 578 | 550| 0.95986| 441.22| 28807.9
11 “ “ “ «“ «| 8|17 6 8] 26| 56 | 590 | 550( 0.93220| 501.72| 81814.1
12 “ “ « « “«| 4] 7| 8 4 15| 22.5| 499.5]| 450| 0.90090| 562.59 | 84476.0
13 “ “ « “« “«| 4| 50| 36 5| 41185 817.5| 700| 0.85627| 656.59| 38243.0
14 « 29, « 50 “| 2 4|10 2| 14| 58 | 648 | 450| 0.69444| 955.50 | 45135.3
15 “ “ “ “ “«l 2| 41] 41 21 62|50 | 669 | 400| 0.59791| 1140.94 | 46402.8
16 | November 7, A.m. | 45 “l 929 27 987|567 | 510 [ 600| 1.17647 0. 0.
17 | October 29, p.». | 50 9( 8| 20| 41 81 27|28 | 407 | 450| 1.10565| 263.00| 19779.8
18 & “ “ “ «] 3|33|18 3| 35( 49 | 1561 | 150 0.99338 | 581.75| 85931.0
19 “ “ «“ “ “| 8|36 44 8| 44| 8 | 444 | 400 0.90090 | 786.75| 48212.7
20 “ “ “ “ “| 38| 45| 5 3[ 54| 10.5| 545.5| 450 0.82493 | 1001.47 | 56195.7
21 “ “ “ “ “«| 3| 55| 14 4| 6| 83.5| 699.5| 550 | 0.78628 | 1107.87 | 59226.4
22 «“ “ “ “ “| 4] 21|14 4] 301 10 | 536 | 400 0.74627 | 1205.00 | 61168.8
23 “ “ « “ “l 4]31|19 4 40( 31 [ 552 | 400 0.72464 | 1259.16| 62065.4
24 “ “ ¢« “ “l 41 41| 42 4{ 51| 45| 562.5| 400 0.71111 | 1297.31| 62752.2
25 “ “ « “ “| 4, 54| 85 5| 4| 7.5( 572.5| 400| 0.69869 | 1329.78| 63199.3
26 | November 7,A.m. | 45 “l 91191 24 9| 27| 22.5| 478.5| 600 | 1.25392 0. 0.
27 | November 5,A.m. | 44 | 12| 9| 4| 34.5| 9| 13| 58.5| 564 | 400| 0.70922| 1554.22 | 74979.3
28 “ « o« “ “l 9115| 10 9| 21| 7.5| 857.5| 250 0.69930 | 1584.00 | 75347.2
29 “ “ “ “ “| 9]33|15 9138923 | 368 | 250} 0.67935| 1613.94| 74580.9
30 « “« o« “ “! 9| 40| 87 9| 48| 38.5| 446.5| 300| 0.67189 | 1644.37 | 75153.2
31 “ “« o« « “110| 0| 3 | 10| 7| 87.5| 454.5| 800 0.66007 | 1675.06| 75208.3
32 “« “« “ “1 10 8| 545\ 10| 16| 87 | 462.5| 300 | 0.64865 | 1705.47 | 75249.2 I
33 “ “« o« “ “1 10, 32| 31 | 10| 41' 41 | 550 | 350| 0.63636| 1735.94| 75142.9'
34 “ “« o« “ “1 10| 43| 0 | 10| 51| 0.5, 480.5| 300 | 0.62435 | 1768.41| 75103.3
85 “ “ o« “ “111) 1153 | 11|10/ 2 | 489 | 300 0.61350 | 1802.06| 75202.0
36 « “« o« « “1 11| 11| 24 | 11| 18, 26 | 422 | 250 0.59242; 1836.19 | 73993.4
87 “ 6, P.a. | « “«] 38|81} 12 3|35 20 | 248 00. 3155.34 0.
38 “« “ o« “ “| 8|40 16 3|42 22 | 126 0;0. 2797.27 0.
39 “« ) AM. | 45 “! 9110 57 91 18| & | 428 | 550 ; 1.28505 0. 0.

: |
In experiments Nos. 8, 16, 26, and 39, the brake was removed.
In experiment No. 87, the weight preponderated. In No. 38, the wheel preponderated (art. 77.)
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VI.
CENTRE-VENT WATER-WHEEL
11 12 18 14 15 16 17 18 19 20
No. Helght of . Ratlo of the
uantity of | Total power of Veloclt, Velocity of of the
'.:z nm:i‘::::: ::o:“:: Total il Depth of w?ter p“ydn: '-hol:’lter, Ratio of the | they;lr ’the u;Mr 'fhﬂz:lzrm
wheol, acting upon ‘water on the wheel, in in pounds useful effect to| acting on of the wheel,
exper- | above the takon in the| the wheel. tho welr. ' avoirdupois, the power the wheel, | of the wheel, | to the velocity
iment. wheel, wheelpit. cuble feet | ralsed one foot expended. in feet per | in feet per ‘::a;o ::: g
per second. per second. sccond. second. wheel.
Foot. Feet. Feet. Feet.
1| 16.013| 1.410| 14.608| 1.2964| 67.532| 61493.4| 0.37747 | 80.648 | 17.398 | 0.56750
2| 16036| 1.364| 14.672| 1.2619| 64887 | 59364.4| 0.20338| 80.721| 25.766 | 0.83871
8| 15.955| 1.387| 14.568| 1.2821 66.432 | 60347.0| 0.33195| 80.612| 21.214| 0.69301
4| 15558 | 1.400| 14.158 [ 1.2845 66.614 | 58821.6| 0.38161| 80.178( 15.975| 0.52937
5 15.607 | 1.410| 14.197 | 1.2899 67.029 | 59351.7| 0.38129 | 80.219 | 14.647 | 0.48470
6 15.563 | 1.420 | 14.143 [ 1.2881 66.889 | 59002.2 | 0.37332( 380.162| 13.185| 0.43714
71 15.604| 1.360| 14.244| 1.2943 67.368 | 59858.1| 0.26946  30.269 7.465 | 0.24661
8| 15573 1.273| 14300 | 1.2115 61.083 | 54486.4| O. 30.329 | 29.758 | 0.98101
9 15956 1.668| 14.288( 1.5145 84.998 | 75732.8| 0.30308 | 380.316( 29.633| 0.97746
10 | 15.930 | 1.704 | 14.226| 1.5308 86.355 | 76608.0| 0.37604| 380.250 ( 28.159 | 0.93086
11 15914 1.717 | 14197 | 1.5395 87.080 | 77093.2 | 0.41267 | 380.219 | 27.347 | 0.90496
12 [ 15923 | 1.730( 14.198 | 1.5467 87.685 | 77607.2| 0.44424| 30.215| 26.429 | 0.87470
18 | 15.944| 1.750 | 14.194( 1.5539 88.285 | 78143.8| 0.48939 | 80.216 ( 25.120| 0.83134
14 | 15581 | 1.808| 18.778 | 1.5762 90.166 | 77480.4 | 0.58254| 29.770 | 20.872 | 0.68433
15 | 15481 1.875| 13.606| 1.5943 91.697 | 77812.1| 0.59634 | 29.584 | 17.540| 0.59291
16 | 15.451| 1.506| 18.945| 1.4180 77.112| 67076.7| O. 29.950 [ 34.518 | 1.15237
17 | 15408 | 1.890| 13.518| 1.6418 95.762 | 80786.3 | 0.24499| 29.488| 82.436| 1.09997
18 15323 | 1.950| 13.373| 1.6734 98.490 | 82145.2 | 0.43741| 29.829| 29.142 | 0.99362
19 [ 15.352| 1.983 | 13.369 | 1.6955| 100.418 | 83728.2| 0.57582| 29.325| 26.429 | 0.90125
20 | 15.413| 2.017| 18.896 | 1.7184 | 102.421| 85571.4| 0.65671| 29.354| 24.200| 0.82442
21 15.426 | 2.047| 18379 1.7230 | 102.825| 85800.0 [ 0.69029 | 29.336| 23.066 | 0.78629
22 15418 | 2.076 | 13.342( 1.7308 | 103.517 ( 86138.0 | 0.71013| 29.295| 21.893  0.74731
23 | 15424 2.102( 18.322| 1.7337 | 103.769 | 86218.8 | 0.71986 | 29.273| 21.258 | 0.72620
24 | 15465 2.131( 13.834| 1.7328| 103.689 | 86229.3| 0.72774| 29.286| 20.861| 0.71232
25 15464 | 2.160| 13.304| 1.7389 | 104.229 | 86483.7| 0.73077 | 29.253 | 20.497 | 0.70067
26 | 15417 1.715| 13.702 | 1.5981 92.018 | 78648.0( 0. 29.688 | 36.785 | 1.23907
27 | 15.398| 1.998| 13.400| 1.8316 | 112.525| 94057.5| 0.79716| 29.359| 20.806 | 0.70868
28 | 15.434 | °2.003 | 13.431| 1.8367 | 112.987 | 94662.2 | 0.79596 | 29.393| 20.515| 0.69796
29 15321 1.990( 13.331 | 1.8320| 112.562| 93603.9 | 0.79677 | 29.283 | 19.929 | 0.68058
80 | 15.369| 1.991| 13.378| 1.8368 | 112.996| 94296.4| 0.79699| 29.8335| 19.711( 0.67193
81| 15.367| 1.981| 13.386 | 1.8377 | 113.071| 94415.2| 0.79657 | 29.343 | 19.364| 0.65990
32 | 15869 | 1.986| 13.383 | 1.8387 | 113.164| 94471.1| 0.79653 | 29.340 | 19.029 | 0.64856
33 | 15.836| 1.980 | 13.356 | 1.8379 | 1138.090 | 94219.0| 0.79753 | 29.311 | 18.668 | 0.63692
84 | 15.862| 1.981 | 13.381 | 1.8443 | 113.673 | 94881.9| 0.79154| 29.338 | 18.816 | 0.62431
85| 15.385| 1.980| 13.405| 1.8511 | 114.293| 95571.2 | 0.78687 | 29.364 | 17.998 | 0.61291
86 | 15292 1.971| 13.321| 1.8476 | 113.969! 94703.1 ( 0.78132| 29.272| 17.879 | 0.59371
87 | 15.4421 1905 18.537 | 1.8087 | 110.454 | 93270.1( O. 29.508 0. 0.
88 | 15477 | 1.902| 13.575| 1.8072 ( 110.325| 934224 O. 29.550 0. 0.
89 | 15415| 1.819| 13.596| 1.6884 99.795 | 84635.0| O. 29.573 | 87.698 | 1.27477
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118. The results of the experiments in table VI, are represented by a sys-
tem of codrdinates at figure 1, plate IX.; —the relative velocities, given in column
20, are taken for the abscissas, and the corresponding ratios of the useful effects
to the powers expended, given in column 17, are taken for the ordinates. The
numbers on the figure refer to the experiments in table VL, which the several
points represent ; — the points not numbered represent some experiments not
reported, in consequence of an imperfection in the gauge of the quantity of
water discharged, owing to a defective arrangement of the grating. These experi-
ments have been corrected by a comparison with those that are reported; not-
withstanding this correction, however, they ought not to be considered as of
equal value with those reported in table VI. In the figure, the points repre-
senting the latter experiments, are connected by full lines; the points representing
the experiments considered imperfect, are connected by broken lines. The line
AB reprcsents the experiments reported, that were made with the regulating gate
fully raised; the line CD, the experiments with the gate raised three quarters
of its full height; ZEF, the experiments with the gate raised a half, and GH,
the experiments with the gate raised one quarter of its full height. It will be
seen that the maximum coefficient of effect, with the gate fully raised, is given,
when the outside of the wheel is moving with a velocity equal to about sixty-
seven per cent. of that due to the fall acting upon the wheel,”at which velocity,
the useful effect is very nearly eighty per cent. of the total power of the water.
The coefficient of effect diminishes rapidly asthe regulating gate is lowered, and
the maximum is also found at a slower speed; thus, when the gate is raised
three inches, or one quarter of its full height, the maximum coefficient of effect
is thirty-eight per cent. of the power expended; which is given when the outside
of the wheel is moving with a velocity about one half of that due to the fall
acting upon the wheel.

119. AB 0D, figure 2, plate IX, represents the path of the water as it
passed through one of the apertures of the wheel, in experiment 30, according to
the hypothesis in art. 83; the steps in the calculation for which, are given in
table VII. In the formula

R’mAH,

0=Q’

we have for this case,

0 = the ordinate measured on the arc of a circle the radins of which is R’;
its several values are given in column 10. \
R’ —the distance from the centre of the wheel for which the ordinate is
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computed ; — its several values are given in inches, in column 1;—to
compute the value of O in feet, R’ must be taken in feet.

o —the angular velocity. In experiment 30, the velocity of the outside of
the wheel was 19.711 feet per second, and the radius of the out-
side of the wheel is 4.669 feet, consequently,

19.711 '
) — m —_— 4.2217.

AH—the volume of that part of the space between two adjacent buckets,
included between the outside of the wheel and the radius R';—its
several values are given in column 9.

Q" —the quantity of water discharged, per second, by each orifice in the wheel
In éxperiment 30, we have, by table VI, the total quantity dis-
charged = 112.996 cubic feet per second, and as there are forty
orifices, we have

@'="1230 — 2.8249.

In figure 2, plate IX, the buckets and guides are drawn to a scale one
fourth the full size ;— the radius of the arc AB— R — 56.028 inches. To find
the limit of the mtream on the side B C(, the arcs IF, K H, etc, N C, are drawn
with the radii 55 inches, 54 inches, etc., 47.922 inches; — the arcs £ F, G H, etc,
O C, being taken from column 10, equal to 0.415 feet, 0.796 feet, etc., 2.748 feet;
the points B, F, H, etc.,, C, being connected by suitable lines, determine the limit of
the stream on that side. The limit of the stream on the other side is found by
making the arcs FL—=EI HM— G K, etc., (D= ON ;—the points 4, L, M, etc.,
D, being connected by suitable lines, determine the limit of the stream on that side.

By an examination of figure 2, it will be seen, that the section of the stream
just after it has entered the wheel, is sensibly greater than the section of the
stream as it leaves the guides, and that, consequently, if the stream flowed
according to the hypothesis, there must have been a sudden change in the
velocity of the water, causing a shock, which, according to the common theory,
implies a loss of power. This indicates a defect in the design; nevertheless, the
success attending this first essay, on a large scale, of a centre-vent water-wheel, in
which due regard has been paid to accuracy of comstruction and perfection of
workmanship, guided by such light as the present imperfect theories can afford,
ought to encourage us to hope, that, when it has received the same degree of
attention as the turbine, it will not be much behind that celebrated motor, in
its economical use of water.
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TABLE VII.
1 2 3 4 5 6 7 8 9 10
Ordinates
Value of Arcas in Arcas in [ofthearcasof| Correction | Corrected Mean Volumes it: '.?.'.’f
Rand | square inches, square | the complete for the |areas of the [ height | Volumesof | between R | ured on
successive | of circles of * Inches, of the| rings in the | thickness of | partial rings,| of the | the partial and the |arcsof the
Tt | e reenting 7| s | Divenny | sqvaradoct| e | Tingm | cublohet. | vavus ot )| s
lfrjla. ponlnm:.‘ square feet. in feet. in cabic feet. 'pt:d.ll i':;‘
column 1.
56.028| 9861.890 .
55.000| 9503.318| 3858.572 0.06225, 0.00168{ 0.06057| 1.001| 0.06063| 0.06063| 0.415
54.000| 9160.884| 3842.434| 0.05945( 0.00210{ 0.05735| 1.008| 0.05781| 0.11844| 0.796
53.000| 8824.734! 3836.150| 0.05836| 0.00227] 0.05609( 1.021] 0.05727! 0.17571( 1.160
52.000, 8494.866] 329.868| 0.05727| 0.00262| 0.05465| 1.042] 0.05695| 0.23266| 1.507
51.000| 8171.282 3823.584| 0.05618] 0.00304| 0.05314| 1.070{ 0.05686| 0.28952 1.839
50.000| 78533.982| 817.300] 0.05509 0.00386] 0.05123| 1.105| 0.05661| 0.34613| 2.155
49.000| 7542.964] 311.018| 0.05400| 0.00561| 0.04839| 1.147| 0.05550| 0.40163| 2.451
48.750| 7466.191] 76.773| 0.01333| 0.00168| 0.01165| 1.177| 0.01371| 0.41534| 2.522
48.500, 7389.811| 76.380| 0.01326| 0.00181| 0.01145| 1.190| 0.01363| 0.42897| 2.591
48.250 7813.824] 75.987| 0.01319] 0.00202| 0.01117| 1.204] 0.01345| 0.44242| 2.659
47.922| 7214.723| 99.101| 0.01721] 0.00252| 0.01469| 1.221| 0.01794] 0.46036| 2.748




PART II.

EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS, AND IN
SHORT RECTANGULAR CANALS.

EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS.

120. Tee laws governing the flow of water over weirs, have received the
attention of several distinguished engineers and men of science, among whom may
be named Smeaton and Brindley in England; Du Buat, Navier, D’Aubuisson,
Castel, Poncelet, Lesbros, and Boileau, in France; and Eytelwein and Weisbach in
Germany. A great number of experiments have been made and recorded; the
earlier ones rude and imperfect; the later ones, particularly those by Poncelet,
Lesbros, and Boileau, with a perfection of apparatus previously unknown. '

There has been in this branch of hydraulics, as well as in others, a steady
advance with the accumulation of experiments and the improvement of the means
of observation; the result, however, of these numerous labors, is far from satisfac-
tory to the practical engineer. On a careful review of all that has been done,
he finds that the rules given for his use, are founded on the single natural law
governing the velocity of fluids, known as the theorem of Torricelli; omit-
ting, in consequence of the extreme complexity of the subject, all consideration
of many other circumstances, which, it is well known, materially affect the flow of
water through orifices. He finds also that it has been attempted to correct the
theoretical expression thus found, by coefficients obtained by comparing the results
derived from it, with those furnished by experiment; but when he comes to
investigate these experiments, even after rejecting all excepting those made with
the greatest care, and with apparatus capable of insuring the greatest precision,
he finds such discordances in the resulting coefficients, that he loses all hope of
arriving at correct results when he applies them on the great scale. They will
undoubtedly furnish sufficiently accurate results, if the apparatus used is a repro-
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duction, both in form and dimension, of that used in the experiments; but this
is seldom attainable, the experiments having been made on such a minute scale.
Boileau,* in discussing the various formulas that have been proposed, points out
many of their defects, and has himself proposed a new one, coupled, however,
with some special conditions in the form of the weir, and the mode of taking
the depth upon the sill.

No correct formula for the discharge of water over weirs, founded upon natu-
ral laws, and including the secondary effects of these laws, being known, we must
rely entirely upon experiments, taking due care in the application of any formula
deduced from thence, not to depart too far from the limits of the experiments on
which it is founded.

Engineers have generally agreed that the most convenient form of weir for
gauging streams of water, is one which is cut in a vertical plane side of a reser-
voir, the sill being horizontal, the sides vertical, and the contraction complete. In
_order that the contraction may be complete, the sill and sides of the weir must
be so far removed from the bottom and lateral sides of the reservoir, that they
may produce no more effect upon the discharge, than if they were removed a
distance indefinitely great; also, the aperture must be effectively the same, as if
cut in a plate having no sensible thickness. The condition relating to the dis-
tance of the bottom and sides of the reservoir, can seldom be strictly complied
with, when gauging large streams of water; it is found, however, that, when the
sill is at a height above the bottom of the reservoir not less than twice the
height of the water above the sill, and the sides are removed a distance dt least
equal to the height above the sill, a correction free from serious error can usually
be made for the effect of the velocity of the water approaching the weir. The
condition that the aperture shall be effectively the same as if cut in a plate
having no sensible thickness, is usually more easily complied with. The effect of
the contraction is such, that the water has a strong tendency to leave the bottom
and sides of the aperture for a certain distance, and to touch the aperture only
at the upstream edge; if, however, the thickness of the plank or other material,
exceeds a certain amount, (depending upon the depth flowing over,) the water
will follow the top of the plank; in this case, all that is requisite is, to cut
away the downstream side of the weir at an angle of, say, forty-five or sixty
degrees with the horizontal; leaving horizontal, only a small part of the thick-

* Jaugeage des cours deau a faible ou a moyenne section by M. P. Boileau (Paris: 1850); or Journal
de U’ Ecole Polytechnique, No. xxxiii.
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ness of the sill. It is essential, however, that the corners of the sill and sides
of the weir presented to the stream, should be full and sharp, and not rounded
or bevelled in any degree.

121. Two modes present themselves for studying, experimentally, the laws
governing the discharge of water over weirs. First, that which has been uni-
formly adopted heretofore, namely, to obtain by direct measurement the quantity
of water discharged in a given time, through an aperture of known dimensions;
this is evidently the only mode of resolving the question completely. To per-
form the experiments, however, upon a scale of magnitude corresponding to the
ordinary practical applications, usually requires an apparatus of great cost, and such
as is beyond the reach of most experimenters. The great difficulty is, to -obtain
a suitable basin, in which to make the direct measurement of the quantity dis-
charged by the weir. '

The second mode dispenses with a direct measurement of the quantity. If
we have two weirs of the same form, but of different lengths, and we know that
the quantities of water discharged by them, in certain circumstances, are equal;
knowing also the depth upon the sill of each weir, we have the data for an
equation by which one unknown quantity may be determined. Neither the
coefficient of contraction, nor the absolute discharge can, however, be obtained
by such an equation. '

122. The discharge over weirs is commonly assumed to vary as the square
root of the third power of the depth; let us suppose it to be unknown, and
equal to a.

Suppose also / the length, and 4 the depth, on one of the weirs; and /' and
K the corresponding dimensions for the other weir; C, a constant coefficient; @,
the quantity which, by hypothesis, is the same for both weirs. Assuming, accord-
ing to the common formula, that the quantity is proportional to the length of
the weir, we have

Q= Cik;
Q= ClU'k";
consequently,
Clk*= CU'k*;
=+
taking the logarithms, we have

a (Log. h— Log. ) = Log. ' — Log. {;
10



74 EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS.

therefore,
Log.'— Log.l
Log.h—Log. %' *

a =

We can thus, by means of two experiments, determine the power of the
depth which will lead to identical quantities in the computed discharge of the
two weirs.

123. It is assumed in the above equations, that the quantity discharged by
a weir is directly proportioned to its length; this, in weirs having complete con-
traction, is, however, known not to be true, in consequence of the contraction
which takes place at the ends of the weir. This contraction diminishes the dis-
charge. When the weir is of considerable length in proportion to the depth of
the water flowing over, this diminution is evidently a constant quantity, whatever
may be the length, provided the depth is the same; we may, therefore, assume
that the end contraction effectively diminishes the length of such weirs, by a
quantity depending only upon the depth upon the weir. It is evident that the
amount of this diminution must increase with the depth; we are unable, how-
ever, in the present state of the science, to discover the law of its variation;
but experiment has proved that it is very nearly in direct proportion to the
depth. As it is of great importance, in practical applications, to have the for-
mula as simple as possible, it is assumed in this work that the quantity to be
subtracted from the absolute length of a weir having complete contraction, to
give its effective length, is directly proportional to the depth. It is also assumed
that the quantity discharged by weirs of equal effective lengths, varies according
to a constant power of the depth. There is no reason to think that either of
these assumptions is perfectly correct; it will be seen, however, that they lead to
results agreeing very closcly with experiment.

124. The formula proposed for weirs of considerable length in proportion to
the depth upon them, and having complete contraction, is

Q= C(l—bnh)k;*
in which
@ = the quantity discharged in cubic feet per second.
C'=a constant coefficient.

{= the total length of the weir in feet.
b — a constant coefficient.

* This formula was first suggested to the author by Mr. Boyden, in 1846.




EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS. 75

n—the number of end contractions. In a single weir having complete con-
traction, #» always equals 2, and when the length of the weir is equal to
the width of the canal leading to it, n=0.

h=the depth of water flowing over the weir, taken far enough upstream from
the weir, to be unaffected by the curvature in the surface caused by the
discharge.

a = a constant power.

The coefficient ¢ can be determined only from experiments in which the
actual discharge is known; the constants, ¢ and & can, however, be determined
without knowing the actual discharge in any particular case.

It has been stated that the proposed formula is applicable only to weirs
having a considerable length in proportion to the depth of water running over
them. It is found by experiment that, when the length equals or exceeds three
times the depth, the formula applies; but in lengths less than this in proportion
to the depth, the formula cannot be used with safety; the error increasing as the
relative length of the weir diminishes.

It is evident, from the construction of the formula, that it cannot be of gen-
eral application. The factor /—¥&nk represents the effective length of the weir;
if I==0bnk this effective length becomes 0, and the formula would give 0 for
the discharge, which is absurd; similarly, if énA >/ the discharge given by the
formula would be negative. In weirs of very short length in proportion to the
depth, the effect of the end contraction cannot be considered as independent of
the length. The end contraction influences the discharge to a certain distance, A4,
from the end of a weir; if the whole length of the weir is greater than 2 4,
the effect of the end contraction is independent of the length; but if the length
is less than 2 4, the whole breadth of the stream is affected in its flow by the
end contractions, and, consequently, the proposed formula would not apply.

In practical applications, this will seldom be an inconvenience, as it is nearly
always practicable so to proportion the weir, that the length may not be less
than three times the depth upon it; if, however, there is no end contraction, the
proportion of the length to the depth is not material.

125. The author has made numerous experiments on the discharge of water
over weirs, according to each of the methods described above.

First, those at the Tremont Turbine, and at the centre-vent water-wheel for
moving the guard gates of the Northern Canal. In none of these experiments
has any attempt been made to measure the absolute quantities flowing over the
weirs; but simply to cause quantities of water known to be equal, to pass over
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weirs of different dimensions, noting the depth of water and length of weir in
each case. From these data, as is explained above, certain factors in the formula
can be determined.

Second, those at the Lower Locks, in which the absolute quantities passing
over weirs of known dimensions, were measured directly.

As each of these thrce sets of experiments were made with different appara-
tus, they will be described separately.

EXPERIMENTS MADE AT THE TREMONT TURBINE, ON THE FLOW OF WATER OVER WEIRS.

126. The apparatus constructed to gauge the water discharged by the Tremont
Turbine, with some modifications, was used for the experiments on the discharge
over the weir; for a general description of this apparatus, see arts. 44, 45, and 46.

The experiments consisted in allowing a quantity of water, of unknown vol-
ume, to enter the wheelpit, through the turbine, the regulating gate of which
was sufficiently opened for the purpose. This volume of water was then caused
to flow over weirs of different dimensions, and the corresponding depth on the
weir, assumed by the water in each experiment, was noted after the water had
arrived at a uniform state.

The experiments are divided into series, in each of which the regulating gate
was unchanged throughout, so that the apertures through which the water entered
the wheelpit remained constant during each series.

Some variations necessarily occurred in the head acting upon these orifices;
they were small, however, when compared to the whole head. The depths on
the weir have been reduced, according to well-known principles, to what they
would have been if the head had been constant. The leakage of the wheelpit
also rendered another small correction necessary. After the corrections are made,
we have in each series a collection of experiments in which the quantity dis-
charged is the same, and we have also the requisite dimensions of the different
weirs,. These data, if perfectly accurate, are sufficient to enable us to determine,
in the proposed formula for the discharge, the values of the constants a4 and &.
It is not to be presumed, however, that the data are perfectly correct, but we
can, at any rate, find the values of @ and & that will give the most uniform
results to the computed discharges in all the experiments in a series; the actual
discharge being, by hypothesis, a constant quantity.

127. Some additions to the apparatus used in the experiments on the tur-
bine were made for the weir experiments. The partitions, represented by figures
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5, 6, and 7, plate V., were provided for the purpose of shortening or subdividing
the weir. They were made of wood, faced on part of one side with plates of
sheet-iron @, #; of an inch in thickness; the width ¢ was about 1.5 feet; the
iron plate was two inches less. One side of the timber P, figure 2, was in the
same vertical plane as the upstrcam edge of the weir Z. When the partitions
were placed upon the weir, the top of them was supported by the timber P,
and the bottom by the plate of iron @, which rested against the weir. Flash-
boards, represented by figures 8, 9, and 10, plate V. were also provided to close
up portions of the weir; these, together with the partitions, were maintained in
their respective positions, simply by the pressure of the water against them.
Wherever leaks appeared at the joints of the partitions or flashboards, they were
stopped with great ease and effect, by a little dough made of unbolted Indian
meal, a handful of which was drawn over the upstream side of the joints; of
course the orifices closed in this manner were very minute. In plate X, all the
modifications of the weir produced by changing the partitions and flashboards, are
represented; the several figures are referred to in column 8, table X. In the
greater number of the experiments, two or more spaces were used at the same
time ; they were always of very nearly equal length, so that the length of each
may be obtained by dividing the whole length of the weir given in column 6
by half the number of end contractions given in column 7.

The brackets X, figures 1 and 2, plate V., were placed on the downstream
side of the weir, to support a board on which to stand for the purpose of
adjusting the partitions and flashboards. The top of the board was about 9.5
inches below the top of the weir. In some of the experiments, a part of the
sheet of water fell upon this board; in experiment 50 it was moved nearer to
the weir, so that the entire sheet of water fell upon it, but without producing
any sensible effect upon the discharge. In experiment 51, a three inch plank
was placed on the top of the board, as is represented by the dotted lines at
O, figure 2, plate V.; the effect of this obstruction, as indicated by the increased
depth on the weir as measured by the hook gauge, was, to diminish the discharge,
with the same depth on the weir, about 1#y.

It is to be regretted that the casting forming the sill of the weir, was not
planed on its whole height on the side H @, figure 4, plate V. When the weir
was erected no thought was entertained of using it for these experiments,
requiring, as they do, to be of value, to be free from all disturbing causes. The
disturbance caused by the projection at I, can, however, have been scarcely sensible.

128. The data furnished by observation, together with the necessary reduc-
tions, and the results deduced from them, are contained in table X. Most of
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the columns are sufficiently explained by the respective headings; several of them,
however, require further explanation.

129. Covvmn 11. Fall affecting the leakage of the wheelpit. This is obtained by
adding together the corresponding numbers in columns 9 and 10.

130. CovvMn 12. Depth of waler on the weir corrected for the leakage of the
wheelpii. This is obtained in the following manner.

It was clear, from the construction of the wheelpit, (art. 23,) that nearly the
whole of the leakage passed through the wooden flooring, and that all the orifices
through which it passed were constantly below the surface of the lower canal.
In the construction of the wheelpit, no particular precautions were taken to pre-
vent a free communication from the bottom of the wooden flooring to the lower
canal; and as the amount of the leakage was very small, and the material, fine
sand free from large springs, it is clear that the water could have had no
appreciable obstruction after passing through the flooring, except from the pressure
of the water in the lower canal. This being the case, the amount of the leak-
age would depend upon the head; or, in other words, upon the height from the
surface of the water in the wheelpit, to the surface of the water in the lower
canal. Let

L —=the quantity of water leaking out of the wheelpit, in cubic feet per
second.
A, A" etc.—the areas of the several orifices through which the water passed.
C,0",0", etc.—the corresponding coefficients of contraction.
h=—the head, or the height from the surface of the water in the wheel-
pit, to the surface of the water in the lower canal. This head
applies to all the orifices, as they are all below the surface of
the water in the lower canal

L= CAV2gh+CAV2gh+ C"AV2gh+ ete.;
L= (CA+ C'4 + C"A"+ etc.,) Vgh.

The areas A, A4, A", etc., are constant, as are also the coefficients C, (", ", eto.,, the
variations in the head not being very great. Let

c=CA+4 CA + C"A" +ete.:
then
L=cVY29h=cV2gVh.
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The factor ¢ V2g, being constant, can be determined by an experiment in which
L and 4 are known. To determine this constant, the following experiment was
made.

The weir was closed up - by the flashboards, and made tight in the usual
manner, so that no appreciable quantity passed over the weir; the head gate
was closed, and the small quantity leaking through it was caught in the leak
box and carried over the weir in the leak pipe (art. 24). The water in the
wheelpit— having then no supply, its surfice began to lower, in consequence of
the leakage through the floor; while thus falling, the following observations were
made.

February 5, 1851, at 10%, 20/, 30", Ao.m, the height of the water 4
in the wheelpit above the top of the weir, was . . . . . 0.596 feet.
And at 11% 1’, 46", o.M, the height was . . . . . . . . . 0396 «

Consequently the surface of the water in the wheelpit lowered
in 2476" . . . . . . . o . 0 00 00 o o .. 0200 feet.

The area of the surface of the water in the wheelpit, after making the
proper deductions, was about 506 square feet; consequently,

506X 0.2

L= —5z =0.0409 cubic feet per second.

During the interval of 2476 seconds, the mean height of the water in the
lower canal was 1.2316 feet below the top of the weir, and the mean height in
the wheelpit, during the same period, was 0.496 feet above the top of the weir,
then

h=1.2316 4 0.4960 =1.7276 feet.

Substituting these values of L and 4 in the equation

L—=—c¢ Vi; ﬁ’
we have
¢V29=0.03112:

eonsequently,

L=0.03112 vz.
To find the depth on the weir, corrected for the leakage of the wheelpit, let

K = the depth on the weir by observation,
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k' =the depth on the weir corrected for the leakage,
{=1length of the weir,
Q = the quantity passing over the weir, the dimensions being all in feet.

We have Q4+ L= the total quantity entering the wheelpit, and which would
have passed over the weir, if there had been no leakage out of the wheelpit.
To determine the corrected depth, it is necessary to assume some formula
giving nearly the relations between the quantities &, /, and @. Let us use that
given by Lesbros* for a depth of 0.20 metres and complete contraction, which,
when reduced to the English foot as the unit, and adopting our own notation, is

Q=312ix};
we shall have also RN
Q-+ L=312"%,
by subtraction
=312 —3120};

from which we derive
" A, L\
W= )
or substituting for L its value 0.03112 VZ, we

y o8 003112y \3
=W +—5m—)"

By this formula, the reduced heights given in column 12 have been obtained.

131. Corumn 15. Fall from the surface of waler in the forcbay, to the surface of
the water tn the wheelpid.” This is obtained by taking the difference of the cor-
responding numbers in columns 13 and 14.

132. Coruvmn 16. Umniform fall from the forebay to the wheelpit, to which the depths
on the wer in each series are reduced. The fall in the same series given in column
15, which is the nearest to the mean fall in all the experiments in the series,
is assumed for this purpose; it is unimportant what fall is taken, provided it is
near the mean.

133. Coromn 17. Depth on the weir corrected for the leakage of the wheelpt, and
the variation tn the fall. It must be recollected that all the experiments of each

* Experiences Hydrauliques sur les lois ds Uecoulement de l'eau, by M. Lesbros, Paris: 1851. Table
XXXIX.
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series, were made with the same opening of the regulating gate of the turbine;
that is, the areas of the orifices through which the water entered the wheelpit,
were the same in each. In all the experiments, a small quantity of the water
entering the wheelpit, passed between the gate and the lower curb, in consequence
of the leather packing not being perfectly adjusted; this did not affect the results,
however, as these orifices were also submerged in the wheelpit. Under these cir
cumstances, if the head had been constant, the quantity of water entering the
wheelpit, would also have been constant; but the head was subject to a varia
tion, comparatively small éertainly, but sufficient to produce a material change in
the quantity of water entering the wheelpit, and, consequently, in the depth on
the weir.

To clear the results from this source of irregularity, it will be necessary to
ascertain what the depths on the weir would have been, if the head had been
constant. For this purpose, let

H—the constant head to which the depths on the weir, in any particular
series, are to be reduced, and which varies but little from the actual
heads in the same series;

H'—the actual head in the particular experiment to be reduced;

K" —=the depth on the weir, corrected for the variation of the head, or
corresponding to the constant head H;

K —the depth on the weir corresponding to the head H’, and which is
the depth given by observation, corrected for the lcakage of the
wheelpit ;

g —the quantity of water, in cubic feet per second, that would have
entered the wheelpit, if the head had been H;

¢ =the quantity of water corresponding to the head H’, and which is
the same as @- L (art. 130J;

{—the length of the weir;

C'=the coefficient of the formula for the discharge over weirs;

a,d,a’,etc.—=the areas of the several orifices through which the water entered
the wheelpit, all of them being submerged in the wheelpit;
¢¢’,c’,ete. —=the corresponding coefficients of contraction ;

d =caV2g9H +cd'V2gH +c"a"V29H + etc. ;

¢ =(ca+cd + 'a"+etc.) V24H;
11
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similarly
g=(ca+-cad+c"a"F-etc.)Y29H;

by division,

qf__ . [H

V&
also

9/= olhllg' md 9= alh”";

whence,

7 __ (M3,

';'—- hm) ’
therefore,

(= () o (5=

B=K(E).

whence, we derive

By this last formula, the corrected depths given in column 17 have been
computed.

By an inspection of column 13, it will be seen that the level of the water
above the wheel was maintained throughout each series with great uniformity,
excepting in a few experiments in which it was intentionally altered, as will be
secen presently. The height of the water in the wheelpit necessarily varied with
the depth upon the weir, and this is the principal cause of the variations in
the fall.

Several of the experiments given in table X, were made for the express
purpose of testing the accuracy of the method of reduction just described. Thus,
in experiments 41 and 42, the weir was in the same state as in experiment 40,
but the height of the water above the wheel was lowered, and the differences
in the observed depths upon the weir, given in column 9, are to be attributed
entirely to the diminution in the quantity of water entering the wheelpit, in con-
sequence of the diminished head. If the method of reduction is accurate, how-
ever, the corrected depths in these three experiments, given in column 17, should
be the same.

In table VIIL, are collected all the experiments made for this object, together
with the other experiments forming part of the corresponding series, with which
they may be compared, the weir having been in the same state.
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TABLE VIII.

Fall from the Variation in the fall | Variation in the cor- !
Number forebay to the Correctod depth from the initial rected depth, from the
of the wheelpit. upon the weir, in experiment. initial experiment.
experiment. Feet. Feoot. Feet. Keet.

40 14.088 0.79096 -

41 18.554 0.79049 —0.534 —0.00047

42 18.149 0.78976 —0.939 —0.00120

49 13.904 0.95477

52 18.436 0.95380 —0.468 —0.00097

53 12.962 0.95097 —0.942 —0.00380

63 13.719 1.18177

64 12.806 1.12508 —0.913 —0.00669

72 18.816 0.92170

73 18.315 0.92145 —0.501 —0.00025

74 12.665 0.92153 —1.151 —0.00017

It will be perceived that the variations in the fall, to which the method of
reduction is applied in these experiments, are, nearly all of them, much greater
than any that occur in the regular experiments. This was arranged for the pur-
pose of applying an extreme test to the method. Several of the variations in
the corrected depths, are not within the limits of ordinary observation; several
of them, however, are sensible, and being all in the same direction, they cannot
be attributed entirely to errors of observation, but, in part at least, to either a
glight defect in the method of reduction, or to the instability of the apparatus.

It was observed during the course of the experiments, that the quantity of
water entering the wheelpit, sometimes diminished sensibly, a.lthougli no change
had been made in the height of the regulating gate; the precaution having been
taken to fix, in a secure manner, the apparatus by which the gate was moved.
At the time the experiments were made, this change was attributed to a minute
lowering of the gate, taking place very slowly, and arising from a defect in the
stiffness of the apparatus, aided by a slight, but not totally insensible vibration
of the whole apparatus, caused by the passage of the water.through the aper-
tures. To show how minute a change in the height of the regulating gate,
would produce the observed changes in the quantity, let us take the two first
experiments given in table IX. The regulating gate was raised to a height not
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exceeding 0.01 feet; supposing it to have been at just that height, and that
any change in its height would have produced an equal proportional change in
the discharge, the observed proportional change in the quantity was 0.00046;
consequently, the absolute change in the height of the gate must have been
0.0000046 feet.

In order to prevent this source of irregularity from affecting the experi-
ments, the regulating gate was usually set some hours before the experiments
were made. This probably obviated the difficulty in part, but not entirely, as
will be seen by table IX, in which are collected all the experiments that were
repeated under identical circumstances.

TABLE IX.
et it
‘was , 8ince
e | i (Gt Tubeingedo | Ppmesds | TR
experiment. ment, in feet. tered the wheelpit
Hours Minutes.
8 I 0.19588
L7 “ 0.19577 —0.00006 —0.00046
8 II. 0.23386 e e . e e e . 0 22
12 “ 0.28505 ~+0.00119 <+ 0.00764 1 81
16 IOl 0.29228 . e e e e e e 4 33
20 “ 0.29166 —0.00057 —0.00292 b 89
24 “ 0.29210 —0.000138 —0.00067 6 89
26 IV. 1.06532 e e e e 16 58
80 “ 1.06548 -+ 0.00016 -+ 0.00023 17 51
35 V. 0.79190 e e e e e e e 2 25
40 “ 0.79096 - 0.00094 —0.00178 8 84
44 L 0.95656 « e e « o e e 5 20
49 “ 0.95477 —0.00179 — 0.00281 6 40
55 VIL 1.18356 « e e s e e e 2 26
58 “ 1.18306 [ —0.00050 —0.00066 3 31
63 “ 1.18177 —0.00179 — 0.00237 4 89
66 VIII. 1.06358 « e e s e e e e 8 08
69 “ 1.06272 —0.00086 -—0.00121 38 46
Mean proportional change in the quantity, neglecting
thesigng, . « « ¢ ¢ « ¢ ¢ o ¢ ¢ o & 0.00208
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Although the variations in the depths given in the preceding table are very
small, the fact that they are nearly all negative precludes the idea that they are
entirely due to errors of observation; we must, therefore, attribute to some other
cause a portion of the irregularity.

134. Covvmx 19. Combinalion of ezperiments used to delermine the value of a. It
has been shown (art. 122) how, by means of two experiments in which the
quantities passing over different weirs are equal, we may determine & in the
formula

Q= Cik.

We now propose to show how, by means of two such experiments, the value of
a may be found in the proposed formula

Q= C(I—Bbnh) k.

In this equation, we have 5 and & constant quantities to be determined;
we have also C a constant, which we may here consider as indeterminate; the
same may be said of ¢, as limited to the experiments in the same series.

Let /, n, and A, represent the length of the weir, the number of end con-
tractions, and the depth upon the weir in one experiment; and 4, #;, and A, the
corresponding quantities in another experiment of the same series; we have

Q= C(I—bnh)k;
and

Q=C(h—"bmh) k"
since for the same series @ is constant, we have

(I—bnh) b= (h— b ) F":
taking the logarithms,

aLog. A} Log. (l— bnh) =a Log. ;y+ Log. (h—dm k) :

whence we derive
a— 108 (h—bmh) —Log. (I —bnk)
Log. A — Log. iy

This equation is still indeterminate, but can be rendered determinate, by assuming
a value for .

If the formula represents the true law, and the experiments from which the
values of the constants are to be derived are perfectly accurate, the particular
combination of experiments to be used is evidently unimportant. As such an
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assumption would be very unreasonable, we have combined the experiments, with
a view of obtaining the best approximation from imperfect data; and this we
have accomplished by selecting experiments the most remote from each other in
the values of the respective data they furnish; thus, in series I, the combina-
tions are made by combining experiment 6, in which / has the least, and, con-
‘sequently, 4 the greatest value, with each of the others, omitting entirely all the
experiments which, for any reason, appear to be unsuitable.

Generally, in each series, one experiment has been repeated as a test, in
order to show if any change had taken place in the apparatus; thus, in series
II1, experiments 16, 20, and 24, were made, so far as is known, under identical

circumstances; in such cases, means deduced from the repeated experiments have

been used instead of making a separate combination with each.
135. Corumns numbered 20 to 25. Values of @ when 5=0.07, =0.065,
etc. The object is, to find the values of ¢ and 3, in the formula

Q= C(I—bnh)ke,

that will give to the eomputed discharges in each series the most uniform results.
For this purpose, successive values of 4 are assumed, and the corresponding values
of a, determined. The value of 4 leading to values of a4, having the least vari-
ation among themselves, will evidently be that most nearly fulfilling this condition.
To aid in the selection of the proper value of 3, the table gives the differences
between the values of a deduced from each combination, and the mean value of
a deduced from all the combinations, with the same value of 4, and the sums of
these differences (having no regard to the sign) are also given. It will be seen
that the sum of the differences is least when the value of &=—0.05, the corre-
sponding mean value of & being 146994, or 147 very nearly; consequently, to
represent the whole of the experiments with the most uniformity, the formula
becomes

Q= C(I—0.05ak) .
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TABLE X.

EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS, MADE AT THE TREMONT TURBINE.

1 P] 3 4 5 6 g 8 9 10| 11
Ry “ TIME. N Helght
e paw | | [t (o) pa
'8

Number of the | 14, of the experiment | thermomet o the w Dol o the e welr T | o e

series and of 1851 B?fintzi:z l:';d&; experi- * | con- | figures on| by obser- | canal, | of the

the experiment. experiment. | experiment, | ment, | ek iy | vation; | below | Sheek

m Near the) o min-l L |gops, in feet. | of the | oot

hade. | Weir- utes. . 14 welr, A
H. | min. | H. | min. in feet.

Series I.

Exp. 1 |January 30, A.M. 100 0 [ 10} 12 | 12 6.987| 2| Fig. 1| 0.3125| 1.16| 1.47

“« 2 “ “« o« 10| 18 | 10| 25 7 |118.978] 4] « 2 0.1948] 1.16] 1.35

« 8 “ “« o« 6.50 10 89 | 10| 46.5 7.5 18978 8 ¢« 3, 0.1952 1.16, 1.36

« 4 “ “« o« 6.25| 31.50| 11] 2 | 11| 6 4 | 10.482| 6 « 4| 0.2389 1.16{ 1.40

« 5 « « « | 575 8100/ 11/ 20 | 11] 26 | 6 | 7.000 4 « 5| 0.3149) 1.17| 1.48

“« 6 “ “« « 6.25 11| 40 | 11} 45 5 8.500] 2| « 6| 0.5028| 1.25| 1.75

« 7 “ « o« 5.75 11| 52 | 11} 55 8 | 18978 8/ ¢« 8| 0.1951] 1.22| 1.42
Series IT

Exp. 8 | January 80, .M. 30.75| 2| 22 2| 26 4 | 18.978| 8| Fig. 8| 0.2330| 1.10{ 1.38

“« 9 “ “« o« 4.50| 80.50| 2| 85.5 2| 41 5.5| 10.482| 6| « 4| 0.2842| 1.10] 1.38

“ 10 “ “« « 4.50| 30.50! 2| 54 8 0 6 7.000] 4 <« 5| 0.3738| 1.10{ 1.47

« 11 “ “« o« 4.25 8| 15 8| 21 6 8.500 2! « 6| 0.5973] 1.20; 1.80

“« 12 “ “« o« 4.00| 30.75| 8| 81 8| 38 7 | 13978 8| ¢« 38 0.2341 1.27| 1.50

“ 13 “ “« o« 8.50| 30.50, 8| 53 8{ 59 6 | 13.978) 4] « 2/ 0.2330] 1.22| 1.45

“ 14 “ “« o« 4 11 4| 16.5] 5.5 6.987] 2| « 1| 0.3719| 1.10{ 1.47

“« 15 “« « o« 2.75| 80.75| 4] 24 4| 32 8 | 16.980| 4| « 7| 0.2046| 1.09( 1.29
Series II1.

Exp. 16 | January 81, .M. | 5.00] 81.00] 2| 28.5] 2| 82 8.5 13.978| 4| Fig. 2| 0.2916( 1.17| 1.46

“« 17 “ “ o« 5.00| 31.25| 2| 41 2| 49.5 8.5 6.987] 2[ « 1| 0.4652| 1.17| 1.64

“« 18 “« “« o« 5.00| 31.25| 2| 56.5| 8 & 8.5 13.978| 8| « 3| 0.2932| 1.16] 1.45

“« 19 “ “« o« 5.00| 31.00] 8| 12 8| 18 6 | 10.484| 6 “ 4| 0.3564]| 1.13] 1.49

« 20 “ « o« 5.00{ 80.75| 3| 29.5! 38| 855 6 | 18.978| 4| « 2[ 0.2910] 1.12| 1.41

« 21 “ “« o« 4.50| 80.50| 3| 46 8| 53 7 6.989| 4 « 5| 0.4684] 1.15 1.62

« 22 “ “« o« 4.50 4 25| 4/ 85 6 8.500] 2| « 8| 0.7478| 1.12| 1.87

« 23 “ “« o« 4.25| 81.00f 4| 14 4 20 6 [ 16.980| 4 « 7| 0.2548] 1.12| 1.37

“« 24 & “ o« 4.00 4] 29.5| 4| 85.5| 6 | 18.978] 4] ¢« 2| 0.2914] 1.16( 1.45
Series IV.

Exp. 25 | February 1, o.M, | 5.00| 31.00| 9| 15 9 21 6 | 13.978 4| Fig. 2| 0.4071| 1.14| 1.55

“« 26 “ “« o« 7.00 9| 88.5| 9 46 | 7.5| 8.496] 2| « 8| 1.0447| 1.12| 2.16

« 27 “ L 8.50[ 80.00, 9| 52 9| 57 5 6.989| 4 « 5| 0.6577| 1.15| 1.81

« 28 “ « « 110.00 10, 4 | 10 11 7 | 10484 6| « 4| 0.4977| 1.10| 1.60

“ 29 “ « « 110,00/ 80.50] 10| 16 | 10| 21 5 | 18978 8 « 3| 0.4096| 1.15 1.56

“« 80 « « « 11050 10| 81.5| 10| 39.5| 8 8.496| 2| « 8| 1.0456| 1.17| 2.22

“« 81 “ “« o« 14.25] 81.50| 10 57 | 11| 1 4 3.496)] 2| « 8| 1.0452| 1.12| 2.17

“« 32 “ “ o« 15.00 11{ 19 | 11| 24.5] 5.5 6.987| 2| <« 1| 0.6494| 1.17| 1.82

“ 33 “ “ o« 15.50{ 30.75 11| 29.5| 11| 86 6.5 16,980, 4/ « 7| 0.3576, 1.22| 1.58

e — e ™
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TABLE

X — CONTINUED.

EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS, MADE

AT THE TREMONT TURBINE.

12 18 14 15 16 17 18
Fall from the| Un on the
m::h:fx Belght of | o et of | surface of the e e mew
Number of the o | e et in the | qorehay 80 | for thie leakage
series and of sbove the | Hho water | B e eI lof the wheclpl REMARKS.
the leakage wheel, in the ot:he water d': :l:mh 'th: y oy
the experiment. of the taken in the . in tho w':lr'i::mh' and the varia-
wheelpit, in forebay ; wheelpit; wheelpit ; series are [ton In the fall;
feot. In feet. in feet. in It;,bt. reduced ; in feet.
N7, . in Il}ct. VA
Series I. .
Exp. 1 | 0.31456| 14.869| 0.320 | 14.549| 14.549| 0.31456 | Incxperiments 2,3,and7, the contrac-
“« 2 0.19605 | - 14.896 | 0.201 14.695 “« 0.19540 | tion was incomplete, as the water fol-
« 8| 0.19645| 14.894| 0.205| 14.689 « 0.19588 | lowed the top of the weir.
« 4| 0.24043| 14.881 | 0.247 | 14.634 “ 0.23997
“« 5 0.31696 | 14.892| 0.8320| 14.572 « 0.31679
“« 6 0.50634 | 14.876 | 0.510| 14.366 « 0.50848
« 71 019638 14.886| 0.200| 14.686 “ 0.19577
Series II. .
Exp. 8 | 0.23414( 14910 0.240| 14.670 ( 14.619 | 0.23386| In experiment 15 the contraction was
“« 9 0.28560 | 14.909 | 0.290| 14.619 “ 0.28560 | incomplete, as the water followed the top
« 10 | 0.87568| 14.915| 0.380| 14.535 “ 0.37640 | of the weir.
« 11 0.60059 14916 | 0.610 | 14.306 “« 0.60494
« 12| 0.28530] 14.906| 0.240| 14.666 “ 0.23505
“« 18| 023419 14912 0.240| 14.672 “ 0.23390
« 14| 0.37879| 14.910| 0.380| 14.530 « 0.37455
“« 15 0.20558 | 14.918 | 0.210| 14.708 “ 0.20517
Series III.
Exp. 16 | 0.29266 | 14.897 | 0.300 [ 14.597 | 14.582| 0.29223
« 17| 0.46698 | 14.900 | 0.470| 14.430 “ 0.46808
« 18 | 0.29426 | 14.897 | 0.300 | 14.597 “ 0.29382
“« 19| 035770 | 14.897 | 0.365| 14.532 “ 0.35770
“« 20| 0.29205| 14.890| 0.300 | 14.590 “ 0.29166
« 21| 047017 | 14887 | 0.477| 14410 « 0.47149
“« 22 0.75080| 14.883| 0.760 | 14.123 “ 0.75798
“« 23| 0.25571| 14.878( 0.260| 14.618 “ 0.25520
“« 24| 0.29246| 14.886| 0.300 14.586 “ 0.29210
Series IV. .
Exp. 25 | 040803 | 14.904| 0.420| 14484 14587 | 0.40852 | o cxPeriments 35 end 30, the water
“« 26 1.04743 14.877 1.060 | 13.817 “ 1.06532 hcedg the b pon
« P upon the brackets XV, figures 1 and
27 | 0.65928 | 14.871| 0.670 | 14.201 « 0.66444 | o plate V. ; in experiment 31 the board
“ 281 0.49884 | 14.877| 0510 14.367 “ 0.50080 | wog removed. So far as is known the
“ 29| 041053 | 14.893, 0.420| 14.473 “ 0.41113 | threq experiments were identical in all
« 80 | 1.04837 | 14.908 | 1.060| 13.848| « 1.06548 | oher respects. By comparing the cor-
“ 31 1-04794 14-886 1.060 13.826 “ 1.06560 rected dep(hg upon the weir given in col-
“ 82| 0.65099 | 14.904 | 0.660 | 14.244 “ 0.65543 | umn 17, itappears that the board offered no
“ 83| 035842 14.907 | 0.370 | 14.537 “« 0.85842 | appreciable obstruction to the discharge.

12
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TABLE X—CoNtiNuED.

EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS, MADE AT THE TREMONT TURBINE.

19 20 21 PP
4=0.07 b = 0.065. b= 0.08.
Number of the
series and Combination of experi-
of the ments used to determine Differences from the Differences from the Differences from the
jment. the value of a. Yalns munv-l&t;fg;,orﬂm Values mmnl;;;a:.,orﬁm Valucs mvﬂ;;;:wm
of a. of a. of a.
F 1 - - v -
Series I.
Exp. 1 1 and 6| 1.4691 0.00887| 1.4669 0.00905| 1.4648 0.00914
“« 9
“« 8
“« 4 4 % 6| 14753 0.00267| 1.4742 0.00175| 1.4731 0.00084
“« 5 5 ¢ 6| 1.4814| 0.00343 1.4801| 0.00415 1.4789| 0.00496
“« 6
« 7
Series II.
Exp. 8 8,12,and 11| 1.4768 0.00117| 1.4756 0.00035| 1.4744| 0.00046
“« 9 9 « 11| 1.4787| 0.00073 1.4775| 0.00155 1.4763| 0.00236
« 10 10 « 11| 1.4805| 0.00253 1.4791| 0.00315 1.4777| 0.00376
« 11
“ 12 8,12, « 11| 1.4768 0.00117| 1.4756 0.00035| 1.4744| 0.00046
“ 138 13 « 11| 1.4781| 0.00013 1.4766| 0.00065 1.4751| 0.00116 .
“ 14 14 « 11| 14774 0.00057| 1.4748 0.00115| 1.4723 0.00164
“ 15 15 « 11| 1.4800; 0.00203 1.4786| 0.00265 1.4772( 0.00326 .
|
Series IIL.
Exp. 16 | 16,20, 24,and 22 | 1.4778 0.00017| 1.4759 0.00005| 1.4740| 0.00006
« 17 17 « 22| 1.4784| 0.00043 1.4752 0.00075| 1.4721 0.00184
“ 18 18 « 22| 1.4811| 0.00313 1.4797| 0.003875 1.4782| 0.00426 .
“ 19 19 « 22| 1.4827| 0.00473 1.4811| 0.00515 1.4795| 0.00556
« 20 | 16,20, 24, « 22| 1.4778 0.00017]| 1.4759 0.00005| 1.4740| 0.00006
“ 21 21 « 22| 1.4814| 0.00343 1.4796( 0.00365 1.4778| 0.00386
« 22
« 23 23 « 22| 1.4752 0.00277| 1.4734 0.00255| 1.4716 0.00234
“ 24 (16,20, 24, « 22| 1.4778 0.00017| 1.4759 0.00005| 1.4740{ 0.00006
Series IV.
Exp. 25 25 and 26, 30| 1.4827| 0.00473 1.4800| 0.00405 1.4773| 0.00336
“ 26
« 27 27 ¢« 26,30]| 1.5023| 0.02433 1.4997| 0.02375 1.4971{ 0.02816
« 28 28 « 26,30 1.4857| 0.00773 1.4834| 0.00745 1.4812( 0.00726
“« 29 29 « 26,30 1.4838| 0.00583 1.4817| 0.00575 1.4796( 0.00566
“ 80
« 81
“« 32 82 « 26,380 1.4878| 0.00983 1.4832| 0.00725 1.4786| 0.00466
“ 33 33 « 26,30| 1.4853| 0.00733 1.4828| 0.00685 1.4802| 0.00626|
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TABLE X— ContTiNuED.

EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS, MADE AT THE TREMONT TURBINE.

23 24 1)
b = 0.066 b= 0.05. . b=0.045.
Number of the
series and
of the Differences from the Differences from the Differences from the
experiment. YValoes munv.ﬂmolu,orm YValues mean value of a, or from Values mean value of a, or from
ot a. 1.47194. of . 1.46994, e 1.46795.
+ - + - + -
Series I.
Exp. 1 1.4626 0.00934 | 1.4605 0.00944 | 1.4584 0.00955
[ 2
“« 3
“ 4 1.4721 | 0.00016 1.4710 | 0.00106 1.4700 | 0.00205
“« 5 1.4778 | 0.00586 1.4765 [ 0.00656 14754 | 0.00745
“« 6
“ 7
Series II.
Exp. 8 | 1.4783| 0.00136 1.4722 | 0.00226 1.4710 | 0.00305
« 9| 1.4750| 0.00306 1.4737 | 0.00376 1.4725 | 0.00455
« 10| 1.4762] 0.00426 1.4749 | 0.00496 14734 0.00545
« 11 '
“« 12 1.4733 | 0.00136 14722 [ 0.00226 1.4710 | 0.00305
“« 18 | 1.4785| 0.00156 1.4721 | 0.00216 1.4706 | 0.00265
« 14 | 1.4697 0.00224 | 1.4671 0.00284 | 1.4646 0.00335
« 15 1.4758 | 0.00386 1.4744 | 0.00446 1.4730 | 0.00505
Series III.
Exp. 16 1.4721 | 0.00016 1.4702 | 0.00026 1.4683 [ 0.00035
« 17 1.4688 0.00314 | 1.4656 0.00434 | 1.4624 0.00555
« 18 1.4768 | 0.00486 1.4753 | 0.00536 1.4739 | 0.00595
« 19 [ 1.4780 | 0.00606 1.4764 | 0.00646 1.4748 | 0.00685
“« 20 1.4721 | 0.00016 1.4702 | 0.00026 1.4683 | 0.00035
“« 21 1.4760 | 0.00406 1.4742 | 0.00426 1.4725 | 0.00455
« 22
« 28 1.4699 0.00204 | 1.4681 0.00184 | 1.4663 0.00165
“« 24| 14721 0.00016 1.4702 | 0.00026 14683 | 0.00035
Series IV.
Exp. 25 | 1.4746 | 0.00266 1.4720 | 0.00206 1.4693 | 0.00135
“« 26
« 27 1.4945 | 0.02256 1.4920 [ 0.02206 1.4895 | 0.02155
« 28| 1.4789 | 0.00696 1.4767 | 0.00676 1.4745| 0.00655
« 29 | 1.4776| 0.00566 1.4755  0.00556 1.4785 | 0.00555
“« 30
“« 31
« 82| 14741 0.00216 1.4695 0.00044 | 1.4651 0.00285
“« 338 1.4777 | 0.00576 1.4752 | 0.00526 1.4728 [ 0.00485
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EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS.

TABLE X—ConxtiNuED.

THE TREMONT TURBINE.

1 2 3 4 5 6 g 8 9 10 ( 11
Cr e el L I A M
n ( o n water on t-
N ag, | Do of the experiment, | (ranmenbeics Begloning |  Ending | of the | W6t o end | ®othe | thewetr E:? P b
the experiment. 1851. experimznt. experiment. ml::' o et ’ | con- | figures on b". m below :‘hf:f_ !
External| | n mine| || ke X | e || P
airin the Soer. | H. | min. | H. | min, | utes. . w. | wer |
. in feet.
Series V.
Exp. 34 | February 1,pr.a. | 20.75) 31.50| 2| 11 2| 15.5| 4.5| 13.978| 4| Fig. 2| 0.4937| 1.12| 1.61
“« 35 “ LI 20.00{ 31.50] 2| 25 2| 33 8 6.987| 2 <« 1| 0.7908| 1.16] 1.95
“« 36 “ “ o« 21.50| 31.50] 2| 39 2| 43 4 | 13978 8 ¢« 3| 0.4981] 1.17| 1.67
« 37 [ “ oo« 22.25| 31.50] 2| 49.5| 2| 54 4.5] 10.484] 6| “ 4| 0.6060| 1.23| 1.84
“« 38 “ “« o« 20.50 3| 3.5 3| 14 | 10.5] 6.989| 4| <« 5| 0.8000] 1.21| 2.01
“ 39 “« “ o« 21.50( 30.00| 3| 19 3| 23.5] 4.5] 16.980] 4| <« 7| 0.4337| 1.22| 1.65
“ 40 “ “ o« 21.00| 31.50{ 3| 34 3| 48 | 14 6.987[ 2| « 1| 0.7896] 1.24{ 2.03
“ 4] “ “ o« 18.50| 31.25| 4| 16 4/ 26 | 10 6.987( 2| « 1| 0.7790| 1.25| 2.03
“ 42 “ “ o« 18.00 4| 52 5 0 8 6.987] 2| « 1] 0.7704] 1.35| 2.12]|
Series VI. - —
Exp. 43 | February 3, p.m. | 38.25 2] 6 2| 11 5 | 18.978] 4| Fig. 2| 0.5977| 1.10| 1.70
“ 44 “ Lo 38.25| 32.25 2| 20.5| 2| 80 9.5 6987 2| <« 1f 0.9561) 1.17] 2.13
“« 45 “ “ o« 38.25 2| 87 2| 43 6 6.987( 4 « 9] 0.9636] 1.17| 2.13
“ 46 “ “« o« 87.50| 32.00[ 2| 48.5 2| 56 7.5\ 13,978 8| « 3| 0.6023| 1.16| 1.76
“ 47 “ “ o« 37.50 3| 6.5 3| 18 6.5 10.488| 6| « 4] 0.7308 1.11| 1.84
« 48 “ “ o« 87.25| 32.00{ 38| 16.5 3| 22.5| 6 | 16980 4| “ 7| 0.5238| 1.13| 1.65
“ 49 “ “ o« 37.00 3| 40 3| 45 5 6.987| 2| ¢« 1| 0.9533| 1.13] 2.08
“« 50 “ “ o« 3| 47 8| 59 | 12 6987 2| « 1| 0.9531| 1.13| 2.08
« 51 “ “ o« 4 2 4 4 2 6.987[ 2| <« 1| 0.9539( 1.13] 2.08
“« 52 « “« o« 4 23 | 4] 31 8 6.987| 2| « 1f 0.9415| 1.13} 2.07
“ 53 “ “« o« 33.75 4] 46.5| 5/ 0 | 13.5| 6.987] 2| « 1| 0.9275| 1.14] 2.07
Series VII. T
Exp. 54 | February 4, .M. | 26.00] 31.75| 9| 6 9| 12.5] 6.5| 16.980| 4| Fig. 7| 0.5233| 1.12| 1.64
L 1) “ “« o« 26.50 9 26.5| 9] 87 | 10.5] 5.487| 2| <« 10| 1.1278| 1.14] 2.27
“« 56 “ “« o« 31.00| 31.75] 9| 44 9| 57 | 13 6.987( 2| <« 11| 0.9544| 1.15] 2.10
“ 57 “ “ oo« 30.00| 31.75 10| 17 | 10| 22 5 8.489| 2| <« 12| 0.8375| 1.14] 1.98
« 58 “ “« & 81.25| 81.75| 10| 81 | 10| 86 5 5487 2| « 10| 1.1269| 1.17] 2.30
“« 59 « L 33.50| 31.75| 10| 42 | 10| 46.5 4.5 6.987| 4 <« 13| 0.9609| 1.13} 2.09
“ 60 « “« o« 34.00| 31.75| 10| 56.5| 11| 1 4.5 13.978| 8| « 8| 0.6017| 1.13] 1.73
“ 61 “ “« o« | 3500 11 10 | 11 15 5 | 10.489] 6{ <« 4| 0.7303| 1.12] 1.85
“« 62 “ “ o« 37.50( 31.75| 11 20 | 11| 26 6 | 13978 4| <« 2| 0.5971| 1.15| 1.75
“ 63 “« “« o« 38.00| 31.75| 11| 89.5| 11{ 55 | 15.5| 5.487| 2| « 10| 1.1256| 1.14] 2.27
“ 64 “ “ p.Mm. | 40.75 0| 16 0| 25 9 5.487| 2| ¢« 10| 1.0935| 1.13| 2.22
SeriesVIIL
Exp. 65 | February 4, p.y. | 38.25| 32.00; 3| 10.5] 3| 14 3.5| 16.980; 4| Fig. 7| 0.2316] 1.19| 1.42
“ 66 “ “« o« 37.50 3| 33.5| 38| 40 6.5 1.829] 2| « 14| 1.0581| 1.17{ 2.23
“ 67 “ « « | 387.00 3 45 | 8| 52 7 8.658| 4| « 15| 0.6650| 1.18| 1.84
“ 68 “ L 36.75 3| 58 4 2 4 5.487| 6| « 16| 0.5066| 1.24{ 1.75
“ 69 “ “« o« 4] 11.5| 4| 16 45| 1.829] 2| ¢« 14| 1.0574| 1.21| 2.27
“« 70 “ “« o« 36.25| 32.00, 4| 21 4 25 4 8.489| 2 ¢« 12| 0.3706| 1.19| 1.56
« 7 “ “« o« 4| 32 4| 37 5 5.487| 2| « 10| 0.4980 1.19] 1.69
Series IX.
Exp. 72 | February 4, p.m. | 84.25 4] 58 5 2 9 | 16.980| 4| Fig. 7| 0.9206| 1.18] 2.10
“« 73 “ “ o« 34.25 5! 17.5] 5! 24 6.5 16980 4 « 7| 0.9091| 1.02| 1.93
“« 74 “ “ o« 33.75 5| 31 5 43 | 12 | 16.980) 4] « 7| 0.8941] 1.17| 2.06
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TABLE X—Coxrtixuep.

EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS, MADE AT THE TREMONT TURBINE.

13 13 14 15 16 17 18
e I e et
Nembrl e | o | oot | o | o | it o e
scriesand of | ¢ leakage wheel, othe | the surtace Jo which the of the wheelpit, REMARKS.
the experiment. of the taken in the of the water ":z‘rh“:m' and the varia-
wheelpityin | forebay; | TRSIPES | wpiol; | secos areton In the
‘:;/‘_' In feot. fo fest. ot in feot. ' W,
Series V.
Exp. 834 | 0.49456 | 14.845| 0.510 | 14.335| 14.079 | 0.49160 | In cxperiments 41 and 42 the weir was
« 85| 079229 | 14.910| 0.810( 14.100 “ 0.79190 | in the same state as in experiment 40;
« 36| 0.49897| 14.891| 0.520 | 14.371 “ 0.49557 | the height of the water above the wheel
« 37 1( 0.60710| 14.891( 0.620 | 14.271 “ 0.60437 | was reduced for the purpose of testing
« 38| 0.80151| 14.899| 0.820| 14.079 “ 0.80151 | the method of reduction.
« 39| 0.43446| 14908 | 0.450 | 14.458 “ 0.43063
« 40 ) 079112 14.897| 0.809 | 14.088 “ 0.79096
« 41| 0.78054 | 14.352| 0.798 | 13.554 “ 0.79049
“« 42| 0.77198 | 13.939| 0.790 | 13.149 “ 0.78976
Series VI. .
T In experiments 50 and 51 the weir was in
L“xp. ‘ﬁ gggggo 14.908 | 0.620 | 14.283 | 13.907 | 0.59320 | 116 same state as in experiment 49, except-
95752 | 14929 | 0.980 | 13.949 “ 0.95656 | ;10 that in 50 & board was placed h
« 45| 0.96501| 14.915| 0992 13928| « | 096464 |y o P o e
brackets N, figs. 1 and 2, plate V., on which
“« 46| 0.60311| 14.894| 0.630 | 14.264 “ 0.59804 ;
the water fell ; and in exp. 51, the plank O,
“ 47 | 0.73181 | 14.887 | 0.755| 14.182 “ 0.72790 fig. 2, plate V., was placed in the position
“ 48 | 0.52449 | 14.889 | 0.550 | 14.339 “ 0.51917 mpre;ented: tl’:e top of the plank was 6.5
“« 49 | 0.95471| 14.884| 0.980 | 13.904 “ 0.95477 | inches below the top of the weir. In exps.
“ 50 0.95451 14.886 0.980 13.906 “« 0.95453 52 and 53, the weir was in the same state as
« 51| 095580 | 14.887 | 0.980 | 13.907 “ 0.95530 | in exp. 49; the height of the water above
« 52| 0.94291 | 14.406| 0.970 | 13.436 “ 0.95380 | the wheel was lowered for the purpose of
« 58| 0.92892| 13.914| 0.952| 12.962 “ 0.95097 | testing the method of reduction.
Series VII.
Exp. 54 | 052899 | 14.889 | 0.550 | 14.339 | 13.882| 0.51837 | In experiments 63 and 64 the weir was
« 55| 1.12952| 14.884| 1.150| 13.734 “ 1.13356 | in the same state; in experiment 64 the
“« 56| 095581 | 14.882| 0.980| 13.902 “ 0.95535 | height of the water above the wheel was
« 57| 0.83870| 14.875| 0.865| 14.010 “ 0.83614 | lowered for the purpose of testing the
« 58| 1.12863| 14.872( 1.152| 13.720 “ 1.18306 | method of reduction.
« 59| 096230 14.872| 0.990 | 13.882 “ 0.96230
“ 60| 0.60251| 14.868| 0.629| 14.239 “ 0.59743
« 61| 0.73181| 14.865| 0.754| 14.111 “ 0.72733
« 62| 059791 | 14.860 | 0.620 | 14.240 “ 0.59286
« 63| 112732 | 14.869| 1.150| 13.719 “ 1.13177
“ 64| 1.09523| 13.926] 1.120| 12.806 “ 1.12508
Series VIII.
Exp. 65 | 0.23257 | 14.894| 0.240| 14.654| 13.839( 0.22817 In experiments 66, 67, 68, and 69, the
“ 66| 1.06837| 14.899 | 1.068| 13.831 “ 1.06358 | lengths of the several bays of the weir
« 67| 0.66802| 14.895| 0.676| 14.219 “ 0.66202 | were deemed to be too short relative to
« 68| 050885 | 14.902| 0.515| 14.387 “ 0.50231 | the depth flowing over, for the proposed
“« 69| 1.06272| 14.905| 1.066| 13.839 “ 1.06272 | formula to apply.
« 70| 087221 14.905| 0.380 | 14.525 “ 0.36625
“« 71| 050023 | 14909 | 0.505| 14.404 “« 0.49360
Series IX., h
Exp. 72 | 092119 | 14.864| 1.048| 13.816| 13.839 0.92170 | Experiments 72, 73, and 74 were made |
« 731 090967 | 14.350 | 1.035| 13.815 “ 0.92145 | for the express purpose of testing the |
« 74| 0.89469| 13.678 | 1.013| 12.665 “ 0.92153 | mode of reduction. |
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TABLE X — CoNTINUED.

EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS, MADE AT THE TREMONT TURBINE.

—
19 20 21 22
5=0.07 b = 0.085. b= 0.06.
Number of the| Combination of experi-
series and of | ments used to determine Differences from the Differcnces from the Differences from the
the experiment. the valoe of a. Values | mean value of a, or from | Values | mean value of a, or from | Values | mean value of @, or from
1.47797. 47 1.47894.
of a. of a. of a.
_ + - + - + -
Series V.
Exp. 34 84 and 38| 1.4645 0.01347| 1.4611 0.01485| 1.4577 0.01624
“« 35 35, 40, « 39| 1.4737 0.00427| 1.4726 0.00335| 1.4716 0.00234
“« 36 86 « 38| 1.4679 0.01007| 1.4660 0.00995] 1.4641 0.00984
« 37 87 « 38| 1.4651 0.01287| 1.4630 0.01295| 1.4610 0.01294
« 388
« 39 39 « 88| 1.4700 0.00797| 1.4670 0.00895| 1.4640 0.00994
“« 40 35, 40, « 39| 1.4737 0.00427| 1.4726 0.00335| 1.4716 0.00234
“« 41
« 42 :
Series VI.
Exp. 43 43 and 45| 1.4827| 0.00473 1.4785| 0.00255 1.4744} 0.00046
“ 44 44,49, « 48| 1.4706 0.00737| 1.4694 0.00655| 1.4681 0.00584
[ 45
“ 46 46 « 45 1.4821| 0.00413 1.4798| 0.00385 1.4774| 0.00346
« 47 47 « 46| 1.4890| 0.01103 1.4870]| 0.01105 1.4850| 0.01106
“ 48 48 « 47| 1.4879| 0.00993 1.4834, 0.00745 1.4788| 0.00486 .
“ 49 44,49, « 48] 1.4706 0.00737| 1.4694 0.00655| 1.4681 0.00584
« 50
“ gl
“« 52
“® 53
Series VII. R
Exp. 54 | 54 and 55,58, 63 | 1.4715 0.00647| 1.4696 0.00635| 1.4677 0.00624
« 55
“« 56 56 and 54| 1.4699 0.00807| 1.4686 0.00735| 1.4674 0.00654
“ 87 |57 and 55,58, 63 | 1.4881| 0.01013 1.4843| 0.00835 1.4806| 0.00666
« 58
“« 59 59 and 54| 1.4850| 0.00703 1.4814| 0.00545 1.4778] 0.00386
4 60 (60 and 55, 58, 63| 1.4695 0.00847| 1.4689 0.00705] 1.4683 0.00564
“ 61 {61 « 55,58,63| 1.4619 0.01607| 1.4620 0.01395] 1.4620 0.01194
“ 62 (62 « 55,58,68] 1.4711 0.00687] 1.4691 0.00685| 1.4671 0.00684
“ 63
“ 64
SeriesVIII.
Exp. 65 65 and 71| 1.4755 0.00247| 1.4747 0.00125| 1.4739 0.00004
“ 66
“ 67
“ 68
“ 69
“« 70 70 « 71| 1.4845| 0.00653 1.4829| 0.00695 1.4813( 0.00736
« 7 .
Series IX.
Exp. 72
“ 78
“« 74
Sums of the differences and 0.26767 0.25085 0.23672
mean values of a. 1.47797 1.47595 1.47394
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23 24 5
Number of the b=0.065 b=0.06. 3 = 0.045.
series and
of the Differences from the Differences from the Differences from the
experiment. Values mean value of a, or from Values mean value of a, or from Yalues mean value of a, or from
47104, 1.46004. 1.46795.
of a. of a. of a.
+ - + - + -
Series V.
Exp. 84 | 1.4543 0.01764 | 1.4510 0.01894 | 1.4476 0.02035
« 85| 14706 0.00134 [ 1.4695 0.00044 [ 1.4684 | 0.00045
« 86 1.4622 0.00974 | 1.4602 0.00974 | 1.4584 0.00955
« 87 1.4589 0.01304 | 1.4567 0.01324 | 1.4547 0.01325
“ 38
“« 39 1.4610 0.01094 | 1.4581 0.01184 | 1.4551 0.01285
« 40 | 1.4706 0.00134 | 1.4695 0.00044 | 1.4684 | 0.00045
« 41
“« 49
Series VL
Exp. 43 1.4703 0.00164 | 1.4662 0.00874 | 1.4622 0.00575
“« 44 1.4668 0.00514 | 1.4656 0.00434 | 1.4643 0.00365
“« 45
“ 46| 1.4751| 0.00316 1.4728 | 0.00286 1.4705 | 0.00255
“ 47 1.4830 | 0.01106 1.4811 | 0.01116 1.4790 | 0.01105
“ 48 1.4744 | 0.00246 1.4699 0.00004 | 1.4654 0.00255
“ 49 1.4668 0.00514 | 1.4656 0.00434 | 1.4643 0.00365
“« 50
« 51
“« 52
“« 58
Series VII.
Exp. 54 | 1.4657 0.00624 | 1.4638 0.00614 | 1.4619 0.00605
“« 55
“« 56 1.4661 0.00584 | 1.4649 0.00504 | 1.4636 0.00435
« 57 1.4769 | 0.00496 1.4733 | 0.00336 1.4696 | 0.00165
« 58
“« 59 1.4742 | 0.00226 1.4706 | 0.00066 1.4670 0.00095
“4 60 1.4677 0.00424 | 1.4672 0.00274 | 1.4666 0.00135
“ 61 1.4620 0.00994 | 1.4621 0.00784 | 1.4621 0.00585
“« 62 1.4652 0.00674 | 1.4633 0.00664 | 1.4613 0.00665
« 63
“ 64
Series VIII
Exp. 25 1.4731 | 0.00116 1.4722 | 0.00226 1.4714 | 0.00345
“« 6 .
“« 67
“« 68
“« 69
« 70| 1.4797| 0.00776 1.4782 | 0.00826 1.4765 | 0.00855
« 71
Series IX.
Exp. 72
“ 73
“ 74
0.23124 0.22900 0.23945
1.47194 1.46994 1.46795
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EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS, MADE AT THE CENTRE-VENT WHEEL FOR
MOVING THE GUARD GATES OF THE NORTHERN CANAL.

136. This centre-vent wheel usually operates under about ten feet fall, and
is of about sixty horse-power under this fall. It was conmstructed from nearly
the same designs as the model centre-vent wheel, described in art. 100, and rep-
resented on plate VII. For a general description of the Guard Gates, see vol. I,
page 775, Appleton’s Dictionary of Machines, Mecharics, etc., New York: D. Appleton
& Co., 1852.

A set of experiments upon the power of this wheel was made in 1848, in
which the water discharged by the wheel was gauged at a weir constructed for
the purpose, below the wheel. The following experiments were made with the
same apparatus. '

The total length of the weir was 18.02 feet, which, for the purposes of
these experiments, was diminished to 16.02 feet by two movable planks or par-
titions, one foot wide each, the upstream faces of which, when placed upon the
weir, were in the same plane as the upstream face of the weir. The form of
the weir was such as to give complete contraction; it was constructed of wood,
with the upstream face vertical. The crest of the weir was formed of southern
hard pine plank, four inches in thickness; the top was 0.53 inches wide, and
bevelled off on the downstream side, at an angle of 40° with the vertical; the
ends of the weir and the sides of the partitions were of the same form.

The bottom of the canal or basin, measured near the weir, was about 6.72
feet below the top of the weir. The water discharged by the wheel passed to
the basin through an irregular and contracted channel, cut in rock, and confined
by cement masonry. This basin was specially excavated in the rock, of large
dimensions, in order that the water might reach the weirin a sufficiently quiet
state to permit a satisfactory measurement to be made; and also, for the same
object, two gratings were placed across the basin, parallel to each other, and
about six feet apart, the downstream grating being about seventeen feet from
the weir. The effect of these several precautions was such that, although the
water escaped from the wheelpit in a rapid and turbulent current, in the basin
between the downstream grating and the weir, the water was tranquil and free
from perceptible irregularities in its motion towards the weir.

The depths upon the weir were measured by the hook gauge, described at
art. 45, and represented by figures 9, 10, and 11, plate IV.; this was placed in
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the basin about eight feet from the weir, in a box, in which the communication
with the surrounding water was maintained by a small aperture in the bottom;
the box and hook gauge were firmly attached to a timber strongly bolted to
the masonry forming one side of the basin.

The quantity of water discharged by the wheel is usually regulated by the
head gate, admitting the water from the river into the forebay above the wheel
When it is desired to diminish the quantity discharged by the wheel, this gate
is partially closed, the effect of which is to diminish the fall acting upon the
wheel; but this method was unsuitable for these experiments, on account of the
great agitation in the forebay, produced by the fall at the head gate. During
these experiments, the head gate was fully opened, and the quantity of water
discharged by the wheel was diminished by closing up a portion of the spaces
between the guides, with pieces of wood.

The wheel was prevented from revolving by the brake of the Prony dyna-
mometer. The entire apparatus about the wheel remained unchanged throughout
the four experiments, except that the head gate was closed on several occasions,
to cnable the partitions on the weir to be moved. This gate was large (five
feet square,) and care was taken to keep it open to its full extent, in all these
experiments. .

The apertures through which the water entered the wheelpit being the same,
the quantity of water discharged must have been uniform, if the head acting
upon the orifices had been constant; small variations, however, unavoidably occurred
in the head, for which it was necessary to correct the depths upon the weir.
This has been done in a manner precisely similar to that adopted in the experi-
ments upon the weir at the Tremont Turbine, described at ,art. 133.

The apertures in the wheel and between the guides, were entirely submerged.
The effective height of the water in the wheelpit was measured in a chamber
constructed for the purpose, in the masonry. A free communication was main-
tained between the water in the wheelpit and in the chamber by an iron pipe
about 3.5 inches diameter. The surface of the water in the chamber was, in all
the experiments, above the level of the top of the apertures between the guides.
The height above the wheel was taken in the forebay nearly over the wheel,
the gauge being placed in a box in the usual manner; the zeros of the gauges,
at which both these heights were taken, were at the same level, consequently,
the difference in the readings gave the fall acting upon the apertures.



EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS.

98

. *g Juom . .
-uadxo ur s8 owres ‘M U L900°T | 8198
*9pIA 309§ omy uonnred ojdurs
¢ Suryswm ‘“royed03 esop paderd . .
suonied om3 oyl £q pojeasdos 8ET0T | 8198
‘yovd 3uo] 199) 10°8 ‘S4PM OM]T,
*pus ouo ye paovyd . .
suonnred o jo yoq ‘oM euQ M 3LO0'T | 3198
‘qoB0 opIa
j00y ouo suonnred £q pojeredes | LGTO'T | G19'8
‘qo8a Suof 193 ¥£°G ‘SIOM 0T,
ey o
*330} paonpar
ammos (370 2o 0%
Barpeoaid 3T loqs gojta o3
‘FHEVRIY uj [1¢j w0y | ‘sepind puv
o | b
paonpa IpP4 _wn.. uodn
aqy uo Jydaq | Jupoe (v
JUWISUOD

T200°T

LE10T

GLO0'T

0910°T

*393) Uy
‘a3nud yooy
oqy £q pam

-FU0W 8% JPA
oy uo pdaq

|
5 2091

¥ 2091

& 2091
9 @091
oy Ty

upm oy Jo
183y ey

129°8

3398

G198

819'8

¥PLL

9FLT

YLl

GeLlT

- €98°0T
89801

L¢6°01

82801

68F |23 |0 |& (8T (& (& |¥
8.8 (28 |91 |3 |ev |1 |& |8
¥IF |¥¢ |8¢ |IT [0 |&¢ |1T |& |
08¢ |gv |28 |TT |g |s8T |II [T
oo |ups | m | oo | ma | m ,,
Sq.aaoﬁ .anaﬂm
“Suppug ‘Buuapiog -padxa
~podxo om 3o
. om Jo “ox
qSuoy *§¥8L ‘F1 JoquisaoN

HNLL

"'SLIISQHOVSSVI ‘TTIMOT IV TVNVO NYTHLYON FHIL IO
SILYD @4vAd THL DNIAOW dO0J TIFHA INFTA-TULNID HHL IV TAVA ‘SHITA HIAO JILVM J0 MOTI THL NO SINTWINIIXT

‘IX ATAdV.L




EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS. 99

EXPERIMENTS ON THE EFFECT PRODUCED ON THE FLOW OF WATER OVER WEIRS, BY THE
HEIGHT OF THE WATER ON THE DOWNSTREAM SIDE.

137. These were made at the weir at the centre-vent wheel for moving
the guard gates, with the apparatus used in the preceding experiments.

A singular phenomenon was here produced, namely: wunder particular circum-
slances, the flow of waler over a weir may be tncreased by raising the height of the wader
on the downstream side of the weir. Ordinarily, when water flows over a weir hav-
ing contraction on the bottom, the under side of the sheet near the weir, is
elevated above the level of the top of the weir, taking a curved form; repre-
sentations of this curve are given in several works, the most perfect of which
are by M. M. Poncelet and Lesbros* who ascertained with great care the forms
for several depths upon the weir. In such cases, the space between the sheet
of water and the plank or other material of which the weir is composed, is
filled with air which communicates more or less freely with the external atmos-
phere.

Suppose the sheet, after passing the weir, to fall into a body of water of
considerable depth, in which the natural level of the surface is not very much
below the top of the weir, but sufficiently so, as not sensibly to affect the dis-
charge. The weir having complete contraction, the air will remain under the
sheet, even if the weir is of very considerable length in proportion to the depth
flowing over. Suppose now, that the communication of the air under the sheet,
with the external atmosphere, is entirely cut off by placing boards on the down-
stream side of the weir in contact with each side of the sheet, or by other
means, the effect will ordinarily be, that the air under the sheet will be wholly
or partially driven out by the lateral communication of motion in fluids, and a
partial vacuum will be produced, unless water takes the place of the air that is
driven out. In either case, the equilibrium of the atmospheric pressure on the
upper and lower sides of the sheet, will be destroyed, the pressure on the upper
side preponderating, the effect will be to alter the form of the sheet, and to
increase the discharge, by the operation of forces bearing some resemblance to
the action in the well-known experiment with Venturi’s tube.

In the following experiments, this effect was produced by raising the level

* Experiences Hydrauliques sur les lows de U'ecoulement, etc. Paris: 1832. Plate 6.
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of the water on the downstream side of the weir, to a height a little above the
top of the weir, in consequence of which, by the lateral communication of
motion, the air was driven out, and the flow over the weir facilitated.

During the following experiments, the apparatus was arranged in the same
manner as in the preceding experiments, with these exceptions, namely: the par-
titions were not used; the quantity of water entering the wheelpit was diminished
by closing up more of the spaces between the guides; the wheel was entirely
removed; and means were provided for varying the height of the water on the
downstream side of the weir.

The depths on the weir are reduced in the same manner to what they
would have been, if the quantity of water entering the wheelpit, and flowing
over the weir, had been uniform. The details of the experiments are given in
table XIL

That the quantity of water entering the wheelpit changed only in a very
small degree from any change in the apparatus, is proved by the depths upon
the weir in experiments 1 and 9. The circumstances in both being the same,
the corrected depth on the weir in experiment 9, is 0.0006 feet less than in
experiment 1, corresponding to a change in quantity of about 3}; part. A
mean of the depths on the weir in these two experiments has been taken, with
which to compare the other experiments.

Measurements were also taken of the thickness of the sheet, in the plane
of the upstream face of the weir. This was done by means of a graduated
rod terminating iIn a fine point, and so arranged as to slide in a vertical groove,
supported from one end of the weir. These measurements were not taken with
the same precision as were the depths on the weir with the hook gauge, prin-
cipally in consequence of the oscillations of the surface.

In consequence of the want of symmetry in the channel carrying off the
water from the weir, the water on the downstream side did not assume the
same height at both ends of the weir. Gauges were placed at both ends, pro-
tected in a considerable degree from the agitation of the water immediately
below the weir, and placed so as to indicate the height of the water a short
distance downstream from the sheet, but the heights taken at these gauges have
not the exactness of those taken with the hook gauge. There were also much
greater variations in the height of the water during the course of an experi-
ment, than occurred on the upstream side of the weir; some of the heights
given in column 9 may consequently be erroneous to the extent of 0.02 feet.

The differences given in column 10, indicate the effect produced on the dis-
charge by the height of the water on the downstream side. When this height

=]
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was about 3 inches below the top of the weir, the effect was insensible. When
about level with the top of the weir, the obstruction was very minute and
barely sensible. When the height on the downstream side was about § of an
inch above the top of the weir, (at which height the air did not remain under
the sheet,) the increase in the discharge is quite sensible, the discharge with the
same depth being increased about ;}5;. When the height on the downstream
side is 1.25 inches above the top of the weir, the obstruction is quite distinct,
and it increases rapidly with the increase of height.
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EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS, MADE AT THE LOWER
LOCKS, IN LOWELL.

138. In the year 1852, the author, in connection with James F. Baldwin,
Esq., the eminent engineer of Boston, Massachusetts, was employed to ascertain
the amount of water-power used by the several manufacturing companies at
Lowell. In order to be able to do this in a satisfactory manner, it was found
necessary to determine anew the rules for computing the discharge of water over
weirs of certain forms; and for this purpose an extensive series of experiments
was made, with a very complete apparatus, and on a scale of unusual magnitude.
The execution of these experiments was intrusted to the author; and The Pro-
prictors of the Locks and Canals om Merrimack River, at whose expense they were
made, have, with great liberality, given the author permission to publish an
account of them.

139. The great difficulty in this kind of experiment, usually, is to obtain a
suitable basin in which the water flowing over the weir for a certain period of
time may be actually measured. Fortunately for our purpose, the Lower Locks
at Lowell are seldom used, except during the high water in the spring, when
rafts can pass over the rapids in the river below. These locks were rebuilt
principally of wood, in 1841, and at the time when the experiments were made,
they were still in good condition; they however required some alterations to
adapt them to the requirements of the experiments; which alterations, together
with the entire apparatus employed, and the mode of conducting the experiments,
will now be described.

140. Plate XI, figure 1, is a general plan of the Lower Locks and the
vicinity, on a scale of eighty feet to an inch. A is the lower level of Paw-
tucket Canal; B, the Eastern Canal; C, the Concord River, which enters the
Merrimack River at about 1200 feet below the foot of the lock; D is the dam
for discharging the surplus water from the Pawtucket Canal into Concord River,
passing through the wasteway E; F, the Middlesex Mills, which are carried by
water-power from the Pawtucket Canal, through the covered penstock H; I, an
apparatus erected for the purpose of gauging the water drawn by the Middle-
sex Mills, which was removed before these experiments were made; K, the upper
chamber of the lock, which was converted into the gauging basin for these
experiments, and which is represented as it was before the alterations were made.
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141. Plate XII. represents the gauging chamber subsequent to the altera-
tions, on a scale of 10 feet to an inch. Figure 1 is a plan; figure 2, a lon-
gitudinal section; and figures 3 and 4 transverse sections. The side wall A was
built in 1822, of large and small stones laid without mortar; in order to render
the lock capable of holding water, it is lined with planks about three inches
thick, secured by tree-nails and spikes to wooden frames, which are supported on
the bottom by the earth and some rough walls, and on the sides by the side
walls of the lock. As originally constructed, the planking was fastened to posts
resting immediately against the side walls; but when reconstructed in 1841, the
chambers, together with the gates, were narrowed to the width represented, which
is about one half the former width; at that time, also, the parts BB, about
the hollow quoins, were built anew in cut granite, laid in hydraulic cement.

To prepare the chamber for these experiments, the upper set of lock gates
and the corresponding mitre sills were removed, and the weir C, plate XII,
figures 1 and 2, constructed in place of them; the middle gates were also
removed, and the lower end of the chamber closed with timbers and plank,
as represented at D; in the lower part of this timber work the waste gate K
was constructed, for the purpose of drawing off the water from the chamber,
after each experiment.

The construction of the wooden sides of the chamber was such, that when
the chamber was partially or wholly filled with water, they would yield a little
to the pressure, and the capacity would, consequently, be increased beyond what
it was when empty, which was necessarily the case when the dimensions were
taken. To diminish, as much as practicable, this source of error, the braces F
were placed across the chamber, just above the waterline FF, nearly up to
which the chamber was filled in the experiments. These braces were placed
opposite each side timber in the frame of the chamber, excepting at G @, where
a flooring of thick plank, put in for another object, answered the same purpose ;
. afterwards, every accessible timber in the sides was strongly braced and keyed up
from the side walls, which was done with such force, that the ends of the braces
E were indented into the planks forming the sides of the chamber. At HH,
where the space between the walls and the planking was too small to admit of

the bracing, the spaces between the timbers were filled with small stones, dropped

and rammed in from the top. These operations stiffened the sides of the
chamber so much, that the correction required for the enlargement of the capac-
ity of the chamber, in consequence of the yielding of the sides, was very minute.
All the leakages that could be detected were stopped by various contrivances;
the depressions in the planks, about the heads of the spikes, were filled up with
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cement; the sides of the planking towards the chamber were scraped, and ren-
dered as smooth and uniform as practicable. .

A part of the wall A was removed at Z, for the purpose of discharging the
water, flowing over the weir, directly into the wasteway, whenever it was neces
sary to divert its flow from the chamber; the floor GG was continued through
the wall, as represented in figures 1 and 4, plate XIL

142. Plate XIIIL, figure 1, is a longitudinal sectional elevation through the
middle of the weir, showing most of the apparatus immediately connected with
it. A is a plate of cast-iron forming the crest of the weir; it is ten feet long,
thirteen inches wide, and an inch thick, accurately and smoothly planed in every
part; the upper cormer presented to the current is square and sharp, or as
nearly so as castiron can be conveniently maintained; the horizontal part of
the top is 025 inches wide; the remainder of the top is bevelled off at an
angle of 45°; this plate is secured to the timber work by numerous screws
with countersunk heads; the timber work is strongly bolted to the granite hol-
low quoins of the lock. The ends of the weir B are formed of plates of cast-
iron, of similar section to the plate A. The whole upstream side of the weir
forms a vertical plane 13.96 feet in length, and 4.60 feet in depth, from the top
of the plate A to the top of the masonry C; the upstream side of the plates
B are also in the same vertical plane.

D is the swing gate for admitting and diverting, at will, the stream of
water flowing over the weir, into or from the measuring chamber E. FFF
are leak boxes or troughs, to catch the leakage by the edges of the swing
gate, when shut. The water thus caught is conveyed to openings &, cut through
the planking on each side of the chamber, through which it is discharged, thus
preventing any embarrassment from the leakage of the swing gate when shut,
as it does not enter the chamber E. The swing gate is suspended from the
pivots H; all its parts are made as light as practicable, consistent with the
required stiffness, in order that the time occupied in opening or shutting it may
be as short as possible. A very important part of the experiments consisted in
determining the length of time during which the water flowed into the meas-
uring chamber Z; this was obtained by observing the time when the swing
gate was opened and shut, which was done by an observer in the building 7
by means of an electric telegraph and a marine chronometer, in the following
manner. The break circuit apparatus K is fixed in such a position that, when
one half only of the stream flowing over the weir passes into the chamber, the
cam L, attached to the frame of the swing gate, depresses the knob as repre-

14
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sented in the plate, and breaks the circuit of the electric current in the wire
M; this causes a sound to be made by the call W, in the small building 7
where sits the observer with his eye on the chronometer, who notes the time
when the sound is made; the chronometer used beats half seconds, but, by
employing a practised observer, the time was noted to tenths of a second, the
error probably rarely exceeding two tenths of a second. The gate, with its
accompanying apparatus, was balanced, so that it could be opened or shut with
sensibly the same amount of force; this balancing was done with the water flow-
ing over the weir, and was done anew for each material variation in the quan-
tity. To each of the timbers O and P, plate XIII, figure 1, was attached, by
a joint, a prop L, shown at figure 4, plate XII.; the prop at the timber O,
for the purpose of retaining the swing gate in its position when open, and the
other at the timber Z, to retain it in position when shut. The movement of
the gate was produced by placing weights upon the frame at @ and R, plate
XIIL, where the gate is represented as at the middle point of its motion while
shutting; the motion being produced by the gravitation of the weights at Q.
As soon as the gate is shut, the prop Z, plate XII, figure 4, is placed under
the frame at R, plate XIIL, and keyed up tight; the weights are then taken
off at @, and about the same amount of weight is placed at R; then, when it
is desired to open the gate, an assistant strikes the prop from under R with a
sledge-hammer, when the weight at R causes the gate to open; the prop is
then immediately placed under the frame at @. To prevent injurious concussions
from the action of the weights, thick pieces of India-rubber, operating as springs,
were fastcned on the underside of the frame at @ and R, which, when the gate
attained either of its extreme positions, struck upon the corresponding stops S
and Tt

From the foregoing description of the apparatus, the manner of operating the
swing gate will be readily understood. Four assistants were employed for the
purpose. Suppose that the chamber is nearly filled, and that it is required that,
when the water reaches a certain height, the flow of the water shall be diverted
from the chamber: one assistant, who has been watching the rise of the water,
gives a signal when the water has reached the desired height, at which the prop
under the frame at @ is immediately knocked away, the weights at.@ cause the
gate to move until it strikes the weir, or the India-rubber springs strike the stops
T; at that moment another assistant places the prop under R, and the flow of the
water is diverted from the chamber; another assistant then changes the weights,
and the apparatus is ready for the reverse operation by which the gate is
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opened. Much time was occupied in adjusting this apparatus so that the cam Z,
plate XIIL, would strike the break circuit when the gate was in such a position
that one half of the water flowing over the weir passed into the chamber; and
also, that the time in which the gate moved through each half of the thickness
of the sheet, would be the same. It required a new adjustment for each depth
upon the weir. Precise accuracy was not attained or attempted, in any of these
adjustments, but such an approximation was made, that it is believed that the
errors arising from want of complete exactness, are entirely insensible in the results.

143. The depths upon the weir were observed by means of the hook gauges
U and V, plate XIIL, figures 1 and 2, and plate XIIL, figure 1. One of these
gauges is represented in detail by figures 2, 3, and 4, plate XIIL, } the full size.
They were made by the Lowell Machine Shop. This valuable instrument has
been sufficiently described in the account of the experiments on the Tremont
Turbine (art 45). These gauges were placed in wooden boxes closed on all sides,
excepting at the top; in the bottom of each of which was a- hole about an
inch in diameter, and in that part of the bottom projecting beyond the lines of
the canal walls, due care being taken that the plugs, by which the holes were
partially closed, did not project through the bottom. In the experiments on the
weir in which the end contraction was suppressed, a communication was established
between the gauge boxes and the canal leading to the weir, by pipes opening at
B, figures 8, 9, and 10, plate XIV. The pipes opening near the bottom of the
canal, six feet from the weir, forming part of the system for taking the heights
at different distances from the weir, were also used in some of the experiments.
The boxes were securely fastened to wooden posts in the angles of the gate
recesses; and the posts were strongly fastened to the walls, by several iron bolts
driven into holes drilled in the granite stones for the purpose. It was very
important that these gauges should be immovably fixed, relatively to the weir.
It is probable, however, that they were not perfectly firm. During the course of
the experiments, two comparisons were made of the relative heights of the gauges
and the top of the weir; one on October 26th; the other, November 8th, when
there was found to be a sensible difference in them, the most probable cause
of which was, that changes took place in the absolute height of the gauges,
that did not affect the weir in the same degree. It is difficult to perceive how
the weir could change from a settlement of the masonry, founded, as it is, on
rock; the walls to which the gauges were attached, were much less substantially
built and not founded on rock; it is not impossible that changes took place in
the timber-work of the weir, by the absorption of water, notwithstanding it was
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fixed in place several weeks before the experiments were made, with a view to
its complete saturation.

If the apparatus is sufficiently stable, the comparison of the heights of the
hook gauges with the top of the weir, can be made with any desired degree of
precision. For making the comparison in these experiments, the following appara-
tus was devised. The water being drawn out of the canal, the top of the weir
was inclosed in a water-tight trough, containing only a small quantity of water,
but sufficient to cover the crest of the weir to a small depth; this trough was
connected with the hook gauge boxes, by leaden pipes; the boxes were rendered
water-tight by coating the joints with pitch, and plugging up the holes in the
bottom; they were also carefully propped up. The communication being free,
and the leakages very small, the water on the crest of the weir and in the
boxes, would stand at the same level; consequently, all that remained to be
done, was to measure the height of the water with the hook gauges, and, at the
same time, the depths upon the crest of the weir. The measurement by the
hook gauges presented no difficulty, as it required nothing more than the ordi-
nary use of the instruments. To measure the depths upon the crest of the
weir, had always been a difficulty in making similar comparisons; to meet it in
this case, the instrument, represented at plate XIII, figure 5, was devised. The
points were numbered from 1 to 10, and the exact height of each of them
above a horizontal plane, on which the instrument stood, was ascertained. In
using this instrument, the water in the trough was adjusted to a convenient level;
the top of the weir was divided into ten equal spaces; the instrument was
placed upon one of them, and when the water became quite tranquil, the num-
ber of the point that coincided with the surface was noted, and, at the same
moment, the heights of the water in the boxes were observed with the hook
gauges. If (as was usually the case) the surface of the water did not exactly
coincide with either of the points, the true fractional number was taken by esti-
mation. The adjacent points differed in height about 0.001 feet, and a fourth
part of this quantity was sufficiently distinct not to be doubtful

As an example of the precision attainable by the use of this instrument, the
following results are given of the comparison of the north hook gauge with the
weir, made during the night of October 26, by Mr. John Newell. The results
indicate the corrections to be applied to the reading of the hook gauge, to give
the true height of the surface of the water in the gauge box, above the top
of the weir, each result being a mean of eleven measurements made at equidis-
tant points on the weir.
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By the 1st trial, the correction was . . . . . . . —0.03076 feet.

“ 2d « “ “« ... ... —003032 «
“ 8rd « “ “ —0.03076 «
“ 4th « “ .. .. . . . —00309

“ bth « “ “ ... .. . —003079 «

Mean . . . . &+ ¢« v v « v e « o « « o v . —0.03072 feet.

The extreme variation is between the 2nd and 4th trials, amounting to 0.00064
feet, a quantity scarcely visible to the naked eye; of course, in the mean result
of all the trials, the error of observation must be entirely insensible.

It has been remarked that the comparisons made at different times, did not
give the same results Two complete comparisons were made, as follows: —

OCORRECTIONS.
DATE,
1863 North hook gauge. Bouth hook gauge.
Foot. Feet.
October 26th. —0.03072 —0.02786
November 8th. —0.03250 —0.03069

Considering the care with which these comparisons were made, and the per-
fection of the method, the differences cannot be attributed to errors of observa-
tion, but, rather, to a want of stability in some parts of the apparatus. The
corrections determined October 26th, were used in reducing all the experiments
made from October 20th, to November 7th, both inclusive; for all subsequent
experiments, the corrections found November 8th were used.

The twenty-three experiments numbered from 11 to 33, in table XIII, were
made under circumstances as nearly identical as practicable. They were made at
different times throughout the course, for the purpose of neutralizing errors of
the same class as that just described, the resulting effects of which ought to be
shown by the variation in the coefficients deduced from experiments made at
different times. These experiments are collected together in the following table:—

: Differences from the
DATE, Numberot| o, | T80 deduced ﬁ: all
1882. ments. from 8.9228.
Oct. 20th, p. M., and Oct. 21st, A. M. 6 3.3186 —0.0087
Oct. 21st, P. ., and Oct. 22d, A. M. 8 8.3216 —0.0007
Oct. 29th, P.u. 6 8.3278 -+ 0.0055
Nov. 11th, .M. ] 8.3207 —0.0016
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The extreme variation is between the experiments of October 20th and 29th,
in which it amounts to z}y. The greatest difference from the mean deduced
from all the 23 experiments, is in the coefficient deduced from the experiments
of October 29th, in which it amounts to z};. It is fair to presume that simi-
lar irregularities, not in any case much exceeding the above, and arising princi-
pally from want of stability in the apparatus, exist in other parts of this series
of experiments.

144. The capacity of the gauging chamber was obtained by measuring its
dimensions. For this purpose, horizontal lines were traced on the sides of the
chamber at every foot in height; the widths were then measured at right
angles to the sides, at points two feet apart; from these widths, and other neces-
sary measurements, the total area was obtained at each horizontal section. When
these measurements were made, the chamber was of course empty, but when
filled with water, its dimensions would evidently be somewhat larger, in conse-
quence of the sides and bottom yielding to the pressure. To ascertain what
allowance to make for this, a systematic measurement was made in the spaces
between the planking and the walls, both when the chamber was empty and
when filled to the usual height; similar measurements were made for the bottom,
by placing poles vertically, resting upon, and fastened to the bottom; the eleva-
tions of the tops of these poles were taken with a levelling instrument, both
when the chamber was empty, and when filled. It was thus ascertained that the
capacity of the chamber, when filled with water to the usual height, was 11.11
cubic feet greater than when empty.

Two persons made independent measurements of the capacity of the chamber,
the results of which differed only about ¢ of a cubic foot, a coincidence which
must of course be considered as accidental. The capacity finally determined upon
for 9.5 feet in height, (which was nearly the depth filled in each experiment,)
and including the enlargement resulting from the pressure, was 12138.18 cubic
feet.

145. The chamber was not quite water-tight, but the amount of the leakage
was determined by noting the rate at which the surface of the water lowered,
when none was admitted from the weir, and the waste gate was closed; this
was repeated with the water in the chamber at different depths. It was thus
found that the mean leakage was 0.035 cubic feet per second; that is, the
product of 0.035 multiplied by the number of seconds that the water flowing
over the weir continued to enter the chamber during an experiment, must be
added to the quantity in the chamber at the moment the water was diverted,
in order to give the true quantity that passed over the weir in the same time.




EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS. 111

146. It was not convenient to empty the chamber entirely after each experi-
ment, but the heights of the water in the chamber at the beginning and end-
ing of each, were ascertained with great accuracy by means of hook gauges,
placed in the boxes X and Y, figures 1, 2, and 3, plate XII., which were fastened
to a post strongly bolted to the wall 4. A communication was established, at
will, between the water in the chamber and either of the boxes, by pipes and
cocks. The operation of taking the heights was as follows: the chamber having
‘been sufficiently emptied, the waste: gate X was closed, the communication of
the lower box with the chamber was established, and when the oscillations in
the surface had ceased, the height of the water was taken; the cock was then
shut, and a signal made for opening the swing gate. When the chamber had
been filled, and the flow of water into the chamber diverted by closing the
swing gate, the communication with the upper box was opened; when the oscil-
lations had ceased, observations of the water were taken at short and regular
intervals, for some minutes, the time and height being noted. In consequence of
the leakage of the chamber, the surface lowered slowly, and the continued obser-
vations were made for the purpose of being able to infer the exact height at
which the water stood in the chamber at the instant that the swing gate was
shut, the very slow rate at which the surface of the water in the chamber
lowered, permitting this to be done with great precision. For the success, how-
ever, of this operation, it was essential that the timekeeper used should agree
with the chronometer, by which the times of opening and shutting the swing
gate were noted; it was accordingly frequently compared, and any difference
noted.

147. Plate XIV. represents the different forms of weir on which experiments
were made. All the figures are on the same scale, namely, five feet to an inch,
or g the full size.

Figure 1 is a longitudinal section, figure 2, a plan, and figure 3, an eleva
tion of what we call the regular weir, that is, a weir in which the contraction is
complete, both on the ends and on the bottom.

Figure 4 is an elevation of a weir of precisely the same form as that last
described, excepting that it is divided into two equal parts or bays by the par-
tition, which is two feet wide. The upstream side of the partition is in the same
vertical plane as the remainder of the weir, having no bolt heads or other pro-
jection below the level of the surface of the water.

Figures 5, 6, and 7, represent a weir of precisely the same form as that
first above described, excepting that the depth of the canal approaching the weir
is diminished.
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Figures 8, 9, and 10, represent the same weir as first above described, modi-
fied so that the contraction at the ends is suppressed, that is, the canal leading
to the weir is of the same width as the weir. These figures also show the
apparatus used to ascertain the effect of taking the depths upon the weir at
different distances from it, by means of pipes opening near the bottom of the
canal.

Figures 11 and 12 represent the upper part of a dam, of the same section
as that erected by the Essex Company, in.1846-8, across the Merrimack River
at Lawrence, (about nine miles below Lowell). This magnificent work has an
overfall 900 feet in length, the perpendicular fall being about 24 feet. This
form was experimented upon, in order to obtain a formula for computing the
flow of the river over this dam. '

DESCRIPTION OF TABLE XII.

Contatning the detasls of the experiments on the flow of water over weirs, made at the Lower Locks,
Lowell, in October and November, 1852.

148. The columns numbered from 1 to 5, require no further explanation than
is contained in the respective headings.

149. Cowvmn 6. Duration of the experiment. This is the interval of time during
which the water flowed into the chamber; it is obtained by taking the difference
of the corresponding times in column 6.

150. CorumN 7. Mean depth upon the weir by observation. It was found imprac-
ticable in many cases, to maintain the canal at a uniform height throughout an
experiment, although every endeavor was made. For instance, no experiments
were made when the mills were in operation, nor until some hours after the
usual time when they ceased drawing water; this rendered it necessary to per-
form the experiments either during the night, or on Sunday; in consequence of
the lateness of the season, advantage was taken of both these opportunities.
When any change was made in the level of the water in the canal, for the
purpose of varying the depths upon the weir, a considerable time was allowed to
elapse before the experiments were resumed, in order that the level of the water
might get well established. In spite of all precautions, however, variations fre
quently occurred in the depths upon the weir, which, with the ordinary mode of
taking an arithmetical mean of the several observations of the depth, would have
materially affected the accuracy of the results; this difficulty was obviated in a
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great degree, by the use of a novel mode of obtaining the mean depth, which
will now be explained. Let

h K,H,etc.k* represent the several observed depths upon the weir, the suc-
cessive values not differing greatly from each other.
t,7,t,etc.t, the corresponding intervals of time between the several observations;
T, the sum of all the intervals of time ;
@, the total volume of water actually flowing over the weir in the
time 7';
H, the mean depth upon the weir that would discharge the volume
Q, in the time T';
[, the length of the weir;
C, a constant coefficient :

we shall have, evidently, very nearly,
o=+ it L cod L oty et - Soi’:
U4 {' U4 »
Q= C1(AM I IOy oo 4 5171

we have also
Q=roint:

whence we derive, by substituting the value of @ previously found,

o8 0400 »
n= {—;h*+‘%k I ete+ 5 *}*,

T

As an example of the application of this method, let us take the observations
made at the mnorth hook gauge during experiment 74; this is selected, simply
because the variations in the depths upon the weir were greater than in any
other experiment.

16
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EXTRACT FROM THE NOTES TAKEN AT THE NORTH HOOK GAUGE.

Ooctober 24th, 1852, 4. x.,
94,5/, watoh 1377 fast.
Reading of the
TIME. hook gauge.
9 o 15" 0.6360
10 50 0.6320
Commencement of the experi- 11 45 0.6325
ment by the time of this watch.
91z 1247 12 45 06310 | 1
13 15 0.6310 1
14 20 0.6300 1
14 50 0.6365 3
15 20 0.6290 1 *
16 30 0.6300 1
17 5 '0.6335 2
17 55 0.6380 3
18 35 0.6480 5
19 20 0.6500 6
20 0 0.6470 5
20 55 0.6470 5
21 25 0.6445 4
22 10 0.6530 7
22 85 0.6550 7
Ending of the experiment by 23 5 0.6480 5
the time of this watch, 9424’ 28 45 0.6580 8
49.9”, 24 35 0.6605 9

Arithmetical
Arith mding’} 0.6428

For the purpose of simplifying the operation of finding the mean, it is
assumed that we can, without scnsible error, use an arithmetical mean of all
depths not varying more than 0.002 feet from each other; accordingly an arith-
metical mean has been taken of all the readings marked 1 in the margin of
the above table, and similar means have been taken of the other readings marked
with the same number in the margin. It will be perceived that it was noted
at 9* &, that the watch was 12" fast; by another comparison with the chronom
eter made at 10" 47, the watch was 22" fast; from these two comparisons it it
inferred that, at the middle of the experiment, the watch was 13.3” fast. Instead
of changing the times of all the observations, the time of the commencement and
ending of the experiment has been changed to conform to this watch, but for
the purpose of this reduction only. By the method adopted, it is assumed that
the height of the water did not change until half the interval of time between
two consecutive observations had elapsed; accordingly, we find that the time cor-
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responding to the first mean depth, is from the beginning of the experiment to
9t 14’ 35", or 142.6”, and from 9* 15" 6" to 9* 16" 47.5", or 102.5”, making 245.1".
The several mean readings and the corresponding times, given in the following
table, are obtained in this manner; the depths upon the weir corresponding to the
several mean readings, are also given, which are found by subtracting 0.03072 feet
from each mean reading, (see art. 143).

Time correspond-| Mean depths upon
Number | Mean reading of the | ing to each mean | the weir, deduced
of the hook gauge. reading. from the several
1 0.63020 245.1 0.59948
2 0.63350 42.5 0.60278
3 0.63725 75.0 0.60653
4 0.64450 37.5 0.61378
5 0.64750 167.5 0.61678
6 0.65000 42.5 0.61928
7 0.65400 62.5 0.62328
8 0.65800 45.0 0.62728
9 0.66050 39.9 0.62978

The quantities in the third column of this table are the values of %, '—’!;—{, etc,
in the expression given above for H; the quantities in the fourth column are
the corresponding values of 4, %, etc. The value of 7' being 757.5, all the
quantities in the second member of the equation are known; by substituting these

values we find
H=—0.6113.

The arithmetical mean of the eighteen observations is 0.6428; deducting the
correction 0.03072, we find the mean depth to be 0.6121; the difference by the
methods is 0.0008.

A similar computation on the observations at the south hook gauge gives

H=0.6099.

By taking the arithmetical mean of the observations, we find the depth, by the
south hook gauge to be 0.6096. .

The mean of the above values of H, or 0.6106, is adopted as the depth on
the weir in experiment 74.

A similar reduction has been made of the observations at each hook gauge,
in all the experiments; the arithmetical mean of the two results obtained for
each experiment, is given in column 7.
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Notwithstanding the advantage attending this mode of reduction, it cannot be
denied that, for the most perfect experiments, the depth on the weir should be
invariable throughout, and that, caferis paribus, the experiments will be the less
valuable, the greater the variation. To enable the reader to judge of the rela-
tive value of the experiments, as far as it depends upon this variation, the small
figures to the left and above the several depths in column 7 are given; they
indicate the highest number of values of A, A, A”, etc. used in the reduction of
the observations, at either of the hook gauges, in the corresponding experiments.

151. CorvMmn 8. Mean velocily of the water approaching the weir. This is obtained
by dividing the corresponding quantity of water flowing over the weir, given in
column 14, by the area of the section of the canal, at the hook gauge boxes.
In the weir having contraction at the ends, this would strictly include all the
space under the gauge boxes, although, from the form of the walls, it is evident
that the current could flow only in a small part of this space; consequently,
the portion in which the current could not flow is not included in the areas
used.

152. CorvMmn 9. Head due to the velocdy in columm 8. This is sufficiently
explained in the heading.

153. Corvmn 10. Depth upon the weir, corrected for the velocity of the water
approacking the weir. In the common formula for the discharge of water over weirs,

Q= CIHIY2gH. (4)

The second member may be separated into three factors, namely: C, the coefficient
of contraction; J the length of the weir; and H#y2gH, the theoretical discharge
for the unit of length. According to a well-known elementary theorem in hydrau-
lics, the latter factor may be represented by the area of a segment of a parab-
ola, of which the parameter is 2¢g; thus, in figure 5, plate XIL, if AB=H,
and BC=y2gH, and the curve AMC( is a parabola, of which the vertex is 4,
we shall have the area of the segment AB (= HiV2gH; also, the velocity of
the fluid at any point P will be represented by the ordinate PM. The factor
HiV2gH may also be decomposed into two others: H=—AB, and #y2gH, which
equals the mean value of all the ordinates of the parabola between A and C,
and represents the mean velocity of the fluid for the whole height of the ori-
fice. In demonstrating this theorem, it is assumed that the water in the reser-
voir is at rest; we can, however, easily establish an analogous theorem, in which
it is assumed that the water in the reservoir has a velocity approaching the
weir, in the direction perpendicular to the plane of the weir. Suppose % to be
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the head due this velocity; and in figure 6, plate XII, let AB=H, and AD=h,
we shall have for the velocity ¢/, at any point P in the height of the orifice,

v =V2g9(AP+h):

but this value of ¢ is the ordinate corresponding to the abscissa, AP4-A=DP,
of a parabola whose parameter is 2g9. We have also

B C=V2g({Fk).

We can, consequently, represent the discharge for the unmit of length, by the area
of the surface ABCG, which is a portion of the segment B CD; the area of
AB(CE@ is the difference of the areas of the segments BCD and AGD; the
area of BCD is

$BD X BC=t(HA-h)V2g9(H+h),

and the area of ADG is
1AD X AC=1hV2gk,

consequently, the area of ABCG is
§(H+W)V2g(HF ) — b 2gh= Vg [T+ 0)}—4];

and for the total discharge we have

— B
¢ = awzg[(E+n—a). (B)

The formula (A4) may be put uader the form
Q= Cnvzy HY. (%)

Suppose H’ to represent a depth upon the weir that would give the discharge
¢ by the formula (C), we shall have

¢ =iyt

substituting the value of ¢ in (B), and reducing, we find

m=[@+ni—#) @)
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The equation (B), from which this value of H’ is derived, does not agree
with that given for a similar case by most writers on hydraulicss, who seem
generally to have followed Du Buat;* it agrees, however, with the expression
given by Weisbach,} who appears to have been-the first to point out the error.

The formula (D) was communicated to the author, in 1849, by Mr. Boyden,
accompanied by a demonstration somewhat resembling the above.

The values of H, given in column 10, have been computed by the formula
(D) from the corresponding values of H and A in columns 7 and 9.

154. Corvmys 11, 12, and 13 are sufficiently explained by their respective
headings.

1565. Corvmn 14. Quantily of water passing the weir per second. The quantities
in this column are obtained by dividing the total quantities given in column
13, by the corresponding intervals of time in column 6.

156. Corumn 15. Value of C in the formula

Q= C(i—0.1nH) H?,

@ having the corresponding values in column 14.
In the formula proposed at art. 124, namely:—

Q= ClI—bnh)l,

the values of the constants & and 5 are to be determined by experiment. The
values adopted in the formula by which the coefficients in this column have
been computed, namely: a=—14, 5=0.1, were determined upon after many trials
of other values; in consequence of their giving results according the most nearly
with all the experiments, and at the same time having a convenient degree of
simplicity. It is quite likely that many other values of & and & (probably an
unlimited number) might be found that would accord somewhat nearer with the
experiments; a closer approximation than is given by the use of the values
adopted, could have, however, but little practical value; much less, it was thought,
than would be derived from the use of the simple values adopted. The use of
a fractional power, such as ¢=—147, deduced from the experiments at the Tre-
mont Turbine (art. 135), is very inconvenient, and, to persons not well skilled in
the use of logarithms, offers great difficulty.

* Principes & Hydraulique, etc., by M. Du Buat. Paris: 1816, Vol 1, page 201.
t Allgemeine Maschinen Encyclopéidie. Leipzig: 1841. Vol. 1, page 489.
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157. Corumns 16, 17, and 18, are, for the purpose of obtaining correct mean
results of the experiments, made under circumstances nearly identical. In conse-
quence of the variations in the height of the canal (art. 150), it was impracti-
cable to repeat the experiments with precisely the same depth upon the weir;
by the method adopted for obtaining these mean results, all inconvenience from
this source is obviated. As the formula by which the values of (€, in column
15, are obtained, is such as to give results agreeing very nearly with experiment,
even when the depths differ considerably, it is plain that the values of C deduced
from experiments having nearly the same depths, cannot be affected by small
variations in the depths, and will be subject to no greater irregularities than if]
in the several experiments from which they are deduced, the depths had been
precisely the same. We can consequently take a mean coefficient with the same
confidence that we could take a mean quantity, if the depths had been precisely
the same. These mean coefficients are given in column 16. In column 17 are
given depths on the weir, nearly a mean of those in the experiments from which
the corresponding mean coefficients have been deduced. In column 18, are given
what may be called the mean quantities of water actually found by experiment to
be discharged with the corresponding depths in column 17. A methad similar to
the above was used to reduce the quantities discharged in the experiments of
Castel, reported in the Annales de chimie e de Physique, vol. 62. Paris: 1836;
reprinted in the first volume of the Annales des Ponts ef Chaussées for 1837.

1568. Corumn 19. Quantity of waler passing the weir, calculated by the formula

Q=333 (I—0.1nH") H'Y,

H" having the corresponding values in column 17.

The coefficient 3.33 is derived from the arithmetical mean of all the coeffi-
cients in column 15, which is 3.3318, the two final decimals being omitted for
the sake of simplicity. The largest coefficient in column 15, is that deduced
from experiment 34, which is 3.3617, exceeding the coefficient adopted by 15
part; the smallest coefficient is that deduced from experiment 4, which is 3.3002,
being less than the coefficient adopted, by 3}y part; that is, the formula by
which the quantities in column 19 are computed, will represent every experi-
ment in the table, within one per cent.

169. Corvmn 20. Proportional difference, or the absolute difference of the quantities
tn columns 18 and 19, divided by the quantdy in column 18. The greatest propor-
tional difference is that deduced from experiments 34 and 35, which is —0.0090,
or a little less than one per cent. In these experiments there were two weirs,
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about four feet long each, separated by a partition two feet wide; the near
neighborhood of the two orifices appears to have affected the discharge. The
next largest proportional difference is that deduced from experiments 36 to
43, which is —0.0068, or about # of one per cent.; in these experiments, the
depth of the water in the canal leading to the weir, was only about three times
the depth upon the weir. The experiments with the diminished depth in the
canal were made for the purpose of testing the method of correcting the depths,
upon the weir, for the velocity of the water approaching the weir (art, 153).
They indicate that the method is not strictly accurate, as might have been
anticipated, omitting, as it does, all consideration of the effect produced by this
velocity, in modifying the contraction. It is well understood that such an effect
is produced,* but it is of such a complicated nature, that the investigations hith-
erto undertaken have thrown but little light upon it.

It will be perceived by referring to column 4, that the experiments 51 to
65 were made under the same circumstances as experiments 44 to 50, excepting
that the sheet of water, after passing the weir, was prevented from expanding
laterally for a certain distance. This was accomplished by placing boards at the
ends of the sheet, as represented by the broken lines at A, figures 8 and 9,
plate XIV. By referring to column 16, it will be seen that the effect of these
boards was to diminish the coefficient from 3.3409 to 3.3270, corresponding to a
diminution of the quantity discharged by the weir, with the same depth, of 3},
or about four-tenths of one per cent.; in other words, the effect of the boards
upon the discharge was the same as would be produced by shortening the weir
333, or } inch, at each end. By reference to figure 8, plate XIV., it will be
perceived that these boards did not affect the free communication between the
atmosphere and the air under the sheet of water; if this communication had
been obstructed, so that the pressure of the air under the sheet had been dif
ferent from that of the atmosphere, it would have affected the discharge.

* Jaugeage des cours d’eau, etc., by M. P. Boileau, page 40. Paris: 1850.
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TABLE
EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS, MADE AT THE
1 2 8 4 > 6 4 8 ’
Mean |
Temperatures by [velocity of ,
::'mmm‘. Time of the commencement and :he il
ermometer. Jusion of the experiment ine unh!
as indicated by the att
Nan- telographic sigoals. il el agt==
b’;:‘ D“‘“’““: Refrence to the figures on plate XIV., and particalar the | weirby | inthe |
e | experiment. description of the weir. expert- | cbsermation. |  Book |
meat. 1852. Of theair| Of the ment. bozen or
inthe | water. Commencement. | Conelusion. H ¢
shado. ﬁ?urm |
V.
H. {min.| sec. | H. |min.| seo. | ®ec Feet. Feet.
1 | Oct. 27, P.M Width of ¢ F:’“mt:'b’ and 8. o of the welr. 10| 15( 0.8/ 10 18| 13.6| 192.8 21.52430 0.7682!
2 “ oo« o« o o caa o e“f’xm e ewelr, | 111 90( 1.3| 11| 28| 14.2| 192.9| 21.55045| 0.7813 , .
3| « « « e oes B e e e ot et " | 11 54| 1.8! 11| 57| 10.6| 189.8| #1.55930| 0.7852 |
4| « 28 a.48.75° 46.5° 0| 26| 17.9| 0| 29| 20.1| 182.2| 11.56910 o."sss:
5 | Oct. 24, P.M.| 52° 48.5° 9| 4| 0.5 9| 8| 20.5 260.0| 1.23690| 0.5904
6 “ K« 9| 33| 2.3 9| 87| 21.5| 259.2| 21.24195| 0.5933.
7 “« o« o« Figures1,2,and 8, 10{ O 1.7/10| 4] 18.4| 256.7| 21.24795 0.5971I
8 “ ok« Bame s the preceding. 10| 81 2.1] 10| 85| 20.6| 258.5| 21.25085| 0.5944
9 “«  ® « 11| 0] 2.3/ 11] 4| 16.1| 253.8| 21.25290| 0.6000
10 L 11| 80| 1.8| 11| 84| 21.4| 259.6] 21.25490| 0.5987
11 | Oct. 20 P M. 10| 1| 0.8{10{ 7| 22.0 381.é %0.96711| 0.4256
12 “ 10| 80| 0.9] 10| 85| 44.0| 3438.1| 21.02755| 0.4594
18 “« o« & 11| 12| 0.7) 11| 17| 47.4| 346.7| *1.08395| 0.4629
14 “« &« 11} 48| 0.6| 11| 58| 43.8| 342.7| 21.03815] 0.4634
15 “ 21,A.M 0| 24| 59.5| 0| 80| 87.5| 338.0| *1.04060| 0.4680
16 “« &« | 48° 49° 1| 0| 0.0] 1| 5| 387.4| 337.4| *1.03735]| 0.4666
17 “ « pM. 9| 48| 8.0 9| 54| 36.4| 388.4| %0.96325 0.4233|
18 “« &« 10| 28] 1.2] 10[ 29| 9.9 868.7| 20.97590 0.4304|
19 “ & w1490 48.75° 10| 52| 0.4] 10| 58| 8.7| 368.3| %0.97950{ 0.4318!
20 “ &« 11| 28| 1.4| 11| 29| 4.2{ 362.8| 20.98885] 0.4377
21| « « « Figues1,2, and . 11/ 53| 1.5/ 11| 59| 8.5 362.0| %0.99460| 0.4418
22 “ 22, A.M Same as the preceding. o 43| 0.0| 0] 49| 48.8| 408.8| 20.91570| 0.3951
28 6 &« | 490 1/ 12| 0.7| 1| 18| 40.9| 400.2| 20.92800|( 0.4015
24 “ K« o« 1| 42| 0.3| 1| 48| 26.8| 386.5] 20.94625| 0.4126
25 “ 29, p.M 9| 2| 8.5] 9| 7| 54.2| 850.7| 81.01275] 0.4517
26 « « « | 5150 | 48.25° 9| 85| 2.7| 9| 40| 51.6| 348.9] 41.01160| 0.4520
27 “ ko« 10| 5| 1.2| 10] 10| 59.7| 358.5| %0.99495| 0.4429
28 “« &« 10| 84| 59.8| 10| 40| 39.7| 339.9| 41.03360{ 0.4653
29 “ « o« 11| 8| 0.2] 11| 8| 29.6| 329.4| *1.05565| 0.4779
380 L 11| 82| 1.8 11| 87| 27.0] 825.2| %1.06920| 0.4863
31 Nov 11, p.m.| 34° 41.25° 8| 56| 59.5| 9| 8| 6.0| 366.5| 20.98370] 0.4352
82 “ o« 9 80| 0.6| 9|86 7.8] 367.2| 20.97820| 0.4320
33 « %« 10| 0| 0.3/ 10| 6| 19.8{ 879.5| 40.96700| 0.4236
34 | N 3 Width of the canal on the e of thewetr,| 9| 12| 1.3| 9| 19| 87.8| 456.5| ¥1.01025) 0.3527
ov. 8, P.M on the upstreams , : g 5] 51, .
85| « « « |450 |48° m'ﬁm‘%%*&&:‘“ ,"""“ thebook | g 59| 59.6| 10| 7| 18.4| 438.8| ¥1.02625| 0.8596
equal bays separated by-y-nlthn feet wide.
86 | Oct. 31, A M. 71 17| 15.8] 7| 22| 52.9| 837.1| *1.02805| 0.9496
87 “ o« . 71 47| 59.6| 7| 53| 29.9! 830.3| 11.03720 0.9589
38 “« &« | 46° 48.75° Figures 5, 8, and 7. 9| 46| 0.8 9| 51| 84.9] 884.6{ 21.04455| 0.9684
89| « « « 18 T e e e e o e hey | 101 14(  1.4] 10/ 19| 23.3| 321.9] *1.04495) 0.9693
0] « « « m b&m,ﬂllfeetbelov the top of the weir. Bot- | 10| 41| 0.7| 10| 46| 28.2| 8327.5| 31.04600{ 0.9691
41| « « « Som of the canal horisontal for 23 feet on the upetream | 17| 10/ 7.8| 11| 15| 82.5| 824.7| $1.05130| 0.9756
42 “« ko« 11| 89 59.4| 11| 45| 8.8| 808.9| 81.07945| 1.0049
43 “ & p,M. 0 15| 1.4| 0| 20{ 15.7| 314.3| 21.07115| 0.9958
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XIII.
LOWER LOCKS, LOWELL, IN OCTOBER AND NOVEMBER, 1852.
1
9 10 11 |12 13 14 15 16 17 18 19 20
Depth upon the Quantity of water
[t P giiwe o) quan- YValue of Cin ARP] Dot the wels .
Nua- 1o olumn o e veloo :f_ Length | No. ";":‘p::" gty o | the formua | Mesa | mean | with the depth in | Quaotiy of water Conrsmos o
ber of ':I::.of proaching the | of the of m“hqu‘:::r Y Q= value of up‘:m udbyt.hv’lormuh Passing the welr, difference of
the | Abythe |weir, or thoval-| weir | %™ | ing ench ex- [pns so o] A—0dnE) i Y, € ”’:h': thewelr, Q= calculated by the |y o vantitien
| T8 fassof B by thel p | P | periment, as | v meont, | Q haviag the | P oua 0 ol gy o tuppryppd | forms | ne 16!
P e formula a0 | casured in |0 corresponding | oo | Yar de- | C having the cor- z—o‘i:}m 4 and 19, divided
ment 613230, W tons L oek values in cole u°':r°f scription m'm g value 3-88(1—0. VH! by the quan-
n. chamber. pde weir. | of weir. uma 16. tity in column
(3:70% 3 3. . 18
Feet. Feet. Peet. Cublo Seet. | Cuble feet Feet. | Cublo et per Cublc feet per
per second. second. second.
1 {0.00917 1.53300 | 9.997| 2 | 11815.19] 61.2821 3.3318
2 | 0.00949 1.55945 “ “ | 12069.49| 62.5686 8.3174
3 | 0.00966] 1.56845 “ “ 111964.90| 63.2060 3.3230 | 3.3181 1.56 62.6147 62.8392 | - 0.0036
4 [ 0.00968] 1.57828 “« “ |1 11542.52| 63.3508 38.8002 |
5 10.00542| 1.24208 | 9.997 11723.21| 45.0893 3.3412
6 | 0.00547| 1.24718 “ “ 111768.09]| 45.8487 8.3398
7 10.00554 1.25325 “ “« [ 11725.57] 45.6781 3.3405
8 | 0.00549] 1.25610 “ “ 1 11760.23| 45.4941 3.3159 | 38.3338, 1.25 45.4125 45.3608 | —0.0011
9 | 0.00560] 1.25825 “ “ 111658.13| 45.9343 3.3396
10 | 0.00557] 1.26022 “ « 1 11903.41| 45.8529 8.3260
11 | 0.00282] 0.96983 | 9.997| 2 | 11872.75| 31.1457 8.3265
12 | 0.00328] 1.03071 “ « |1 11645.35| 83.9416 8.3129
13 | 0.00333] 1.03716 “ « 111869.83| 34.2366 8.3110
14 | 0.00334] 1.03636 “ « 1 11745.20| 34.2725 8.3182
15 | 0.00841 1.04388 “« « [ 11718.35| 34.6549 8.3196
16 | 0.00339] 1.04061 “ « 1 11651.45| 34.5330 3.3233
17 1 0.00279] 0.96593 “ « | 12023.62| 80.9568 8.3261
18 | 0.00288] 0.97868 “ « 111627.93( 81.5377 8.3234
19 | 0.00290, 0.98229 “ “ [ 11659.61| 31.6579 3.3179
20 | 0.00298| 0.99172 “« ¢« 111661.78| 32.1438 3.3216
21 | 0.00303| 0.99752 “« ¢ [11754.36| 32.4706 3.3265 | 3.3228;, 1.00 32.5486 32.6240 |4 0.0023
22 0.00243] 0.91804 | « « | 11721.88| 28.6739 3.3218
283 |1 0.00251| 0.93042 “ “ 111682.99 29.1929 8.3155
24 | 0.00265] 0.94881 “ “« 111629.93 30.0904 3.3198
25 | 0.00317 1.01580 “ « | 11678.40| 33.3003 8.3211 !
26 | 0.00318] 1.01466 “ « 111623.48] 33.3147 3.8281
27 1 0.00305! 0.99789 “ “ | 11670.68| 32.5542 3.3338
28 | 0.00837, 1.03684 “ « 111697.19| 34.4136 38.8297
29 | 0.00855] 1.05906 “ “ 111685.17| 35.4741 3.3263
380 | 0.00368] 1.07274 “ “ 111764.18] 36.1752 3.3283
31 | 0.00294 0.98653 “ « 111702.07| 31.9293 3.3251
82 | 0.00290| 0.98099 “ “ | 11629.66' 31.6712 38.3259
33 | 0.00279] 0.96969 “ “ 111762.21) 30.9940 3.3111
84 | 0.00193] 1.01212 | 7.997] 4 | 11863.64| 25.9883 8.3617
35 | 0.00201 1.02820 “ « 111655.85, 26.5630 3.3586 | 8.3601. 1.02 26.2686 26.0888 | — 0.0090
36 | 0.01402| 1.04098 | 9.997| 2 | 11747.38| 34.8484 8.3519
87 |0.01430, 1.05089| « | « |11657.87| 352983 8.3198
38 [ 0.01458) 1.05799 “ ¢ | 11953.56| 35.7249 8.3548
389 | 0.01461 1.05842 “ “ 1 11513.09| 35.7660 8.3567
40 | 0.01460, 1.05946 “ « (117 15.10' 35.7713 8.3523 | 3.83527, 1.06 85.8026 35.5602 | —0.0068
41 | 0.01480| 1.06494 “ “ 11712.43| 36.0716 3.3548
42 0.01570i 1.09390 “ « 111579.82, 87.4873 8.3509
43 | 0.01542, 1.08335 | « “ 111645.21, 37.0513 8.3505
|
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TABLE
EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS, MADE AT THE
1 2 8 4 5 6 8
Mean
i ]
:hunhdt‘l Time of the commencement and : B
orm * conclusion of the experiment, 'w"’rg‘?"m
as indicated by the Durs- | Moan depth
Num- telegraphic signals. tonet | upon the Sty fBX
berof|  Date of the Refurence to the figares on plate XIV., and particular the | weirby | inthe
the t. hook
pert| e description of the welr. experi- | observation. |  DORL
meat. 1863. Of thealr| Of the ment. boxes, or
Inthe | water. Commenocement.| Conclusion. fron e
shade by
V.
K |min| sec. | B jmin.| se. | o Feet.
44 | Nov. 7, A.m.| 44° 44° Mean width r?:"'"zrz;ﬂ;)d;& e 71 50| 1.0| 7|55 51.2| 850.2 "3.98675 8.5455
45 “« o« o« ean O can on the upstream | g 38! 0,0 9| 43; 53.7| 858.7| 40.98490] 0.5446
6 « « a ywﬂm%'ﬁaf'%“&xﬁ,?of % baiow the top | 10! 11| 59.2| 10| 17| 57.4 858.2] %0.97450/ 0.5376
47 “ « o« the welr. 10| 43| 59.6| 10| 49| 59.0| 859.4] %0.97620| 0.5335
48| « « « 11] 15 0.0{ 11{-21| 0.4{ 860.4{ %0.97600| 0.5387
49 “« & o« 11| 48] 4.4| 11| 54| 0.7| 856.3| %0.97775| 0.5394;
50 “« « p.M. 0_2i 0.2| 0] 26| 58.3| 858.1| %0.97690 0.5890;
51 | Nov. 7, p.m.| 42.25° 43.75° Figures 8,9, and 10. 8 28| 7.6 8|28/ 52.0| 344.4 °1.00505] 0.5589
52 “ o« o« Width and depth same as the preceding. The sheet| 8| 53| 59.7| 9| 1| 46.9 347.2| 21.00600| 0.5581
53| « « « of water afer puming the welr, was provemied fom | g 98| 81| 9| 83| 51.3) 348.2| 100520/ 0.557 4
54| « « « m::;d&f&welr hc;d&.t::hnm planeses tho | 9| 59| 59.8| 10| 5| 52.9] 858.1| 40.99265| 0.5430
55 “« o« o« & ' 10 81| 1.5| 10| 86| 54.0{ 352.5| 20.99240] 0.5477
56 | Oct. 24, P.M Figures 1,2, and 8. 2| 24| 59.3| 2| 32| 53.8 474.5( 40.81860{ 0.3405
57, « « « m\gdmn:‘e ""‘a‘."i:"é’;‘.."‘;":‘..“",;‘&i mm 8| 8 0.4/ 3|11|11.1] 490.7| 0.80755 0.3333
58 “ o« e Dowiee. b.0AS fort beto b3 ) 8| 40| 0.3| 8| 48| 19.9{ 499.6| 40.79565| 0.3272
59| « « « uage boxs, 5048 fst helow the top of the e 417 47| 4| 25| 49| 520.2| %0.77690| 0.3170
60| « « « 4 55| 1.7] 5| 8| 18.6| 496.9| 20.80125| 0.3306
61 “ o« o« 5| 29| 1.8 5| 87| 27.6| 505.8| %0.79400] 0.3258
62 | Oct. 31, P.M Figures 5, 6, and 7. 2 20| 0.8 2| 28| 40.5| 520.2{ 20.77115| 0.6694
63 “ 6« Width of the canal on the upstream side of the weir,| 38| O 1.3| 38| 8| 32.4] 511.1 80.78725| 0.6872
64| « « @ 470 | 487501850 fet. Monn Gepth of the canal opposiietmo ok | 8 38| 4.41 8| 46/ 7.9| 483.5) %0.80455) 0.7052
65| « « « fom of the canal horisontal, for 28 feet on the upstream | 4| 14| 0.2 4{ 21| 5.5| 425.8| 20.87960] 0.7870
66 “ o« o« ' _4 _‘_1_7 58.0| 4 _5_4 56.2| 418.2] %0.88865| 0.7963
67 | Nov. 7, P.M. Figures 8,9, and 10. 2 7| 2.7| 2| 16| 14.7| 552.0| 20.73620| 0.3659
68| « « « Mean width of the canal for 20 feet on the u 2| 48| 1.0| 2| 51| 6.8) 485.8| ‘0.80195| 0.4122
69| « « « %ﬂ;‘;{;';g;';fgg‘f;:;& e tbelow oo | 3| 17| 59.7| 8| 25| 56.0| 476.3| %0.80950| 0.4176
70 € o« the weir. 8! 51| 59.9] 8| 59| 51.7| 471.8| 40.81495| 0.4213
71 “« “ o« 4/ 25| 0.0 4| 32| 53.9| 473.9| 70.81325| 0.4192
72 | Oct. 24, A. M. Figures 1,2, and 8. 7112 2.5 7/25 9.4| 786.9| *0.59190| 0.2182
78 | « « « | 46.5° | 47.75°| Widthof ﬂuunnl&nﬁ:eupatmmddaolﬂnwﬂh 7| 49| 59.8| 8| 2| 52.7| 772.9| %0.59240| 0.2186
4| « « « B i o e e sop e v % | 91 11| 59.1| 9| 24| 86.6 757.5| °0.61060/ 0.2279
75 « &« 10! 88| 59.7| 10| 45| 14.4| 674.7| ®0.65525| 0.2509
76 « « | 5950 | 48° 11| 8| 1.4 11| 19| 27.9] 686.5| 50.64305} 0.2449
77 “« o« o« 11/ 50| 0.8| 12| 1| 85.8| 695.0| *0.63795| 0.2419
78 « « pu' 64.5° | 48.5° 0| 24| 58.5 86| 42.9| 704.4{ 50.63370| 0.2396
79 | Oect. 31, P.M. Figures 5,6, and 7. 7| 6| 59.6| 7|18 8.6| 669.0| %0.65150{ 0.5405
80| « « « m&}dtholtheul:lmthenpsmddoofthowdr, 71 46| 0.8| 7|57 9.3| 669.0| %0.65590| 0.5455
Bl | « « 4 | 45050 48750 B e e et below the top oF tue wer Bot.| 8| 24| 0.0/ 8| 34| 56.9| 656.9| 20.65985| 0.5496
82 “ o« o« dm;:tfg::;ﬁhorkmmﬁor%hconmnm 9 0| 59.4| 9|12 42.4| 703.0 40.63135| 0.5193
83 “« « « ) 9 40| 1.0 9| 51| 27.8| 686.8| 20.64250| 0.5309
84| « « « 1_0|_2_§_3 1.7| 10! 84) 11.0| 669.8] 20.65460| 0.5439
85 | Oct. 31, pP.M, Figures b, 6, and 4. 11| 43| 0.7) 11| 56, 42.8| 822.1 :8.66940 0.4382
86 [ Nov. 1, A.M. Width, depth, and bottom of the canal sme asthe| 0 21/ 59.9| 0| 85| 26.0| 806.1| *0.67900| 0.4459
87 | « « T« preceding. ~Two equal bays separated byspartition3) 4| | 3¢ 1|13 17.9] 794.1| %0.68360! 0.4496
88 [ 1,39 59.8 1|53 9.5 789.7| %0.68815| 0.4526
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X III—CoxTNuED.
LOWER LOCKS, LOWELL, IN OCTOBER AND NOVEMBER, 1852.
9 10 11 |12 13 14 15 18 17 18 19 0
Depth upon the Quantity of water
rmsiidte Phirebsinins oral quan- YValoe of Cin ARPI] s the wele Propartional

Num- |in sotuna g, o e ator e, | Lt | No. | (7 6 maier the frmula | Mean | mean | with the depth in | Quantlty of water S rncs, o
ber of | 'ﬂ:.:.h‘og proaching the | Of the of thowelrdu-q,'::,wor Q= C'zrm“h up’;)n todby'.lw’fomuh paseing the welr, difference of

the | Kby the |weir,or thoval-| weir. | ™ | ing each ex. o sne wen| A—0In BB S| C 2 o%ebthe weir Q= calculated by the |y, ¢ uantities
aapert, “": es of 27 by thel 5 | | periment, as :e‘r sooond. | Q baving the ’::;‘:_" pievind Q-01n byt ﬁ;:ul- n columns 18
ment, | A=t formuls tions.| Measured in corresponding | tson of | JAF de- | Chaving t-he"elor- mb—o.lumfw/i“dm’w

64.3286. H- » ::mm valuesin ool | weir, |'of welr| I3 column 16. by the quan-
(32370 2% ber: umn 14, o, ey in column
Fest. Feet. Feot. Cuble foet. | Cublc feot. Feet. | Cublc et per Cuble foet per
second. second.

44 | 0.00463| 0.99117 | 9.995 0 | 11524.62 32.9087 8.3366

45 [ 0.00461) 098930 | « | « |11616.54| 32.8429| 8.3394

46 | 0.00449] 0.97879 “ “ 111592.18| 32.3623 3.3437

47 | 0.00451 0.98051 “ “ 111655.28; 82.4299 8.3418 | 8.3409| 0.98 32.3956 82.2899 | —0.0033

48 | 0.00451] 0.98081 ¢ “ 111689.79| 32.4356 8.3434

49 | 0.00452| 0.98207 “ “ 111576.77| 32.4916 8.3102

50 | 0.00452] 0.98122 “ 11623.93| 32.1600 8.3413

51 | 0.00486] 1.00968 | 9.995| 0 | 11646.88| 33.8179 8.3349

52 | 0.00484] 1.01061 “ “ [11725.23| 38.7708 3.3257 |. .

53 [ 0.00483| 1.00980 | « “ 111743.85! 33.7273 8.3254 | 8.3270| 1.00 83.2534 88.2833 | 4-0.0009

54 | 0.00467] 099710 « | « |11683.48 33.0883 8.3249 |

55 | 0.00466] 0.99684 s “ 111656.76| 33.0688 3.3243

56 [ 0.00180 0.82034 | 9.997, 2 |11539.45, 24.3192]  3.3287

57 10.00173] 0.80923 | « “ | 11675.86' 23.7943 3.3234 : e .

58 | 0.00166| 0.79726 “« « [ 11628.76 23.2761 8.3287 | 8.3246| 0.80) 23.4011 23.4391 | 4 0.0016

59 | 0.00156{ 0.77842 “« “ 1 11694.31; 22,4804 3.8261

60 | 0.00170 0.80290 | « “ 111698.38| 23.5427 3.3268

61 | 0.00165| 0.79560 “« “ 111719.40! 23.1700 8.3188

62 | 0.00697] 0.77768 | 9.997| 2 | 11718.53| 22.5270 8.3376

63 | 0.00734] 0.79412 | « « | 11887.02: 23.2577 8.3406 .

64 | 0.00773] 0.81178 ¢ “« 111610.17( 24.0128 8.3383 |3.3408 0.83 24.8818 24.7548 -| —0.0031

65 | 0.00963| 0.88855 “ “ [11695.06| 27.4984 8.3435 .

66 | 0.00986| 0.89782| « “ |1 11671.63| 27.9092 8.3417 |

67 | 0.00208] 0.78821 | 9.995{ 0 | 11676.57| 21.1532 8.3368

68 | 0.00264| 0.80449 “ « | 11709.76] 24.1041 8.3422

69 | 0.00271] 0.81211| « “ | 11645.16| 24.4492 3.8424 | 3.8393| 0.80 23.8821 23.8156 | —0.0028

70 | 0.00276] 0.81760| ¢« “ | 11647.58| 24.6876 3.3410
_7_1_ 0.00273] 0.81588 “ « |1 11638.28| 24.5584 3.3341

72 | 0.00074] 0.59262 | 9.997| 2 | 11803.57| 15.0001 38.3284

78 | 0.00074{ 0.59312 “ & 111614.60] 15.0273 38.3303

74 | 0.00081| 0.61139| « « 111902.18] 15.7124 8.3284

75 | 0.00098] 0.65621 “ « 111760.38! 17.4305 8.3237 | 8.8275| 0.62 16.0382 16.0502 | 4-0.0008

76 | 0.00093] 0.64395 “ “ 111659.42| 16.9839 8.3306 ’

77 | 0.00091] 0.63883 “ « 111648.02| 16.7597 8.3259

78 | 0.00089] 0.63456 “ “ | 11685.54| 16.5894 3.8250

79 | 0.00454] 0.65579 | 9.997| 2 | 11657.19| 17.4248| 8.3258

80 | 0.00463| 0.66027| « | « |11783.80| 17.6133|  8.3278 1

81 | 0.00470| 0.66429 | « | « [11674.77|17.7725] 8.3278 |8.3262) 0.65|  17.1990 17.2187 | 4-0.0011

82 | 0.00419] 0.63532 “ « [11682.49| 16.6181 3.3249 "

83 [ 0.00438| 0.64664 | « « 111715.28| 17.0578 3.3244

84 | 0.00460, 0.65894 “ ¢ 1 11748.86 @540 3.3266

85 | 0.00299]  0.67226 | 7.997| 4 | 11690.02] 14.2197|  8.3382

86 | 0.00309| 0.68195 | « |  |11703.92 145192  3.3378

87 [ 0.00314 0.68660 “« “ | 11644.82i 14.6642 8.3378 | 3.3368| 0.68 14.4541 14.4247 | —0.0020

88 | 0.00318 0.69118 “« “« 111678.1 1| 14.7880 3.3333




126 EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS.

COMPARISON OF THE PROPOSED FORMULA WITH THE RESULTS OBTAINED BY PREVIOUS
EXPERIMENTERS.

160. We find on record a great number of experiments on the discharge
of water over weirs; in the present state of the science of hydraulics, however,
a large proportion of them can be considered only in the light of first approxi-
mations; of great value undoubtedly, at the respective epochs at which they
were made; but it could serve no wuseful purpose to compare them with the
results obtained with the more perfect apparatus used of late years. Three sets
of experiments have been made in France within the last thirty years, on a
comparatively minute scale, it must be admitted, but with complete apparatus, and
conducted with great care. They were made by Poncelet and Lesbros at Metz,
in 1827 and 1828; by Castel at Toulouse, in 1835; and by Boileau at Metz, in
1846. It will be recollected that the application of the proposed formula to the
discharge over weirs in which the contraction at the ends is complete, is limited
to depths on the weir, not cxceeding one third of the length of the sheet; this
limitation permits the comparison to be made with only a portion of the results
obtained by Poncelet and Lesbros, and by Castel. Boileau operated on weirs in
which the end contraction was suppressed, and to which form the limitation does
not apply. .

161. Comparison of the proposed formula, with the resulls oblained by Poncelet and
Lesbros. These experiments are to be found among the magnificent series made
at the expense of the French Government, and recorded at length in Ezperiences
hydrauliques sur les lois de Uecoulement de I’eau by M. M. Poncelet and Lesbros,. Paris:
1832; and in the continuation under the same title by M. Lesbros, Paris:
1851. In table XXXIX, of the last mentioned work, are given the coefficients
for computing the discharge over weirs of a variety of forms, and of certain
lengths, and with certain depths of water, by the formula

d=mlhV2¢gh,

in which d is the discharge, m the coefficient, / the length, A the depth, and
9=29.8088 metres, or 32.1817 feet. The comparison can be usefully made with
only one of the forms experimented upon, namely: that in which the orifice
was made in a thin plate, in the plane side of a reservoir; the orifice being at
a great distance from the bottom and lateral sides, and the discharge made
freely into the air.
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In table XIV. are given the quantities computed according to Lesbros, for
all the depths for which he gives values of m, determined by experiment, and
which are within the limitation required by the proposed formula, namely: that
the depth shall not exceed ome third of the length. The quantities are also
given as computed by the proposed formula. It will be perceived by the final
column of the table, that the proportional differences are nearly constant, and
that the quantities by the proposed formula are too small by a little more than
two per cent. If the coefficient of the proposed formula was changed from 3.33
to 3.41, the computed results would agree very mnearly. It should be recol-
lected that the constants in the proposed formula have been determined from
experiments in which the depths upon the weir were from 0.6 to 1.6 feet, or
about eight times the depths in the experiments by Poncelet and Lesbros. It
is the general result of all the precise experiments on the discharge through
openings of a variety of forms, in a thin plate, that, for very small heads, the
coefficients require to be increased; which proves that the law of the discharge
varying a8 the square root of the head, does not hold good for very small
heads. The comparison in table XIV. affords the same indications; and the
constancy of the proportional differences, indicates that the correction of the
length, to compensate for the effect of the end contraction, is practically correct,
both -for large and small depths upon the weir. It would not be difficult so
to determine the values of the constants in the formula

Q= C(l—bnk)k,

as to represent the experiments both of Poncelet and Lesbros and the Lower
Locks experiments with nearly the same degree of exactness that the latter are
represented, with the constants that have been adopted. This would undoubt-
edly be an advantage in some particular cases in practice, but if it was
intended to make the formula general, the sacrifice of simplicity would be
more than an equivalent disadvantage.
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TABLE XIV.

The length of the weir is constant, and equal to 0.6562 feet.

1 2 3 4 5
deti of water dis-
Value of the | Chamged by the formuls |\ ey of water dis- | Proportional
Depth on ooeﬂlcient: Q=mih\/2%h; charged by the formula | O the abeolute dif-
e et e g e rorreebond:| § — a3y L0 H)H T m"‘:‘“"‘ o
column.
Feet. Cubie feet per second. Cublo feet per second.
0.06562 0.417 0.0369 0.0360 - 0.0245
0.08202 0.414 0.0512 0.0500 —0.0225
0.09843 0.412 0.0670 0.0655 —0.0228
0.11483 0.409 0.0838 0.0820 —0.0207
0.13124 0.407 0.1019 0.0997 —0.0209
0.14764 0.405 0.1210 0.1184 —0.0212
0.16404 0.404 0.1413 0.1879 —0.0239
0.18045 0.402 0.1622 0.1583 —0.0248
0.19685 0.401 0.1844 0.1794 —0.0271
0.21326 0.399 0.2069 0.2012 —0.0274

162. Comparison of the proposed formula with the results obtained by Castel. An
abstract of these experiments may be found in the Annales de Chimie o de
Physique, vol. 62. Paris: 1836 ; and in the Annales des ponts et chaussées, vol. 1, for
1837. Paris. It appears to have been a leading idea in these experiments, to
imitate, as nearly as possible, the forms and proportions of the weirs ordinarily
used in practice for gauging streams of water; in fact, to reproduce them on a
small scale, anticipating that the rules deduced from precise experiments upon

them might be applied, without modification, to gaugings on a large scale. The

weir was formed by damming up a wooden canal, 24279 feet in width, by a
thin plate of copper, in which the weir was formed, the crest being 0.5578 feet
above the bottom of the canal; the width of the weir varying from about % of
a foot to 24 feet. The latter width is so near that of the canal, that the end
contraction must have been sensibly modified, so that any comparison of the
results obtained from it would be of little use; they have consequently been
omitted. In the abstract referred to, a table is given of the coefficients deduced
from the experiments, for a variety of widths and depths. In table XV. are
given the quantities computed with these coefficients, for all the widths and
depths to which the proposed formula is applicable; also the quantities as com-
puted by the proposed formula. In consequence of the small dimensions of the
canal, the water approaching the weir had a sensible velocity; in table XYV.
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the depths on the weir, for which the quantities have been computed by the
proposed formula, have been corrected for this velocity. It will be seen by
referring to the final column, that the proportional differences are considerably
greater, and have less uniformity than in the comparison with the experiments
of Poncelet and Lesbros; nevertheless, there is a certain harmony in the results
of both comparisons, and they serve to show how unsafe it is, in the present
state of the science of hydraulics, to apply rules to gauging streams of water
passing over weirs, of which the dimensions differ greatly from those in the
experiments from which the rules have been deduced.

17



130

EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS.

TABL

E XV.

Width of the canal leading to the weir 2.4279 feet; height of the crest of the weir above the bottom of
the canal 0.5578 feet.

1 P 3 4 5 7 8
Valoe of the coeff mh“m e et e | Depth ‘::;."&".n."’ Quantity of wate
wdol o m‘“" mean ve. ny ‘oarrec! ol r dlffer-
gt | Dot | e | b | Bl | i iy R

weir. welr. Q=m} LHV‘I“—H’ m having the eorl;- * fw;'“'" b;:h Q= :l!u‘lll;:n 22:!‘?,

according to  [sponding value in the| v mL—Oth)H’% divided by the

Cestel. column. | A | ((EpnEad)E quantity fn col-

Feet. Feet. Cublc feet per second. Feet. Foet. Cubic feet per
second.

0.3281 0.09843 0.618 0.0335 0.00001 0.09844 0.0317 —0.0537
0.6562 0.19685 0.604 0.1852 0.00016 0.19701 0.1796 —0.0302
“ 0.16404 0.611 0.1425 0.00010 0.16414 0.1380 —0.0311

“ 0.13124 0.619 0.1033 0.00006 0.13130 0.0998 —0.0339

“ 0.09843 0.624 0.0676 0.00008 0.09846 0.0655 —0.0318
0.9843 0.32809 0.604 0.5976 0.00120 0.32924 0.5778 —0.0831
“ 0.26247 0.606 0.4290 0.00072 0.26316 0.4189 —0.0237

“ 0.19685 0.610 0.2805 0.00036 0.19720 0.2755 —0.0176

“ 0.16404 0.616 0.2155 0.00023 0.16426 0.2109 —0.0211

“ 0.13124 0.623 0.1559 0.00014 0.13138 0.1519 —0.0257

“ 0.09843 0.631 0.1026 0.00006 0.09849 0.0993 —0.0322
1.3124 0.39371 0.621 1.0769 0.00337 0.39687 1.0266 —0.0468
“ 0.32809 0.621 0.8192 0.00225 0.33022 0.7876 —0.0386

“ 0.26247 0.620 0.5852 0.00134 0.26375 0.5682 —0.0291

“ 0.19685 0.622 0.3813 0.00067 0.19749 0.3720 — 0.0245

“ 0.16404 0.626 0.2920 0.00043 0.16446 0.2842 —0.0266

“ 0.13124 0.632 0.2109 0.00025 0.13148 0.2042 —0.0320

“ 0.09843 0.636 0.1379 0.00012 0.09855 0.1332 —0.0841
1.6404 0.32809 0.631 1.0405 0.00363 0.33147 1.0003 —0.0386
“ 0.26247 0.632 0.7457 0.00218 0.26452 0.7192 —0.0355

“ 0.19685 0.632 0.4843 0.00108 0.19788 0.4692 —0.0812

“ 0.16404 0.633 0.3690 0.00069 0.16470 0.3578 —0.0304
«“ 0.13124 0.636 0.2653 0.00039 0.13161 0.2566 —0.0827

¢ 0.09843 0.642 0.1740 0.00019 0.09861 0.1671 —0.0393
1.9685 0.32809 0.644 1.2743 0.00545 0.33308 ° 1.2174 — 0.0446
¢ 0.26247 0.644 0.9118 0.00326 0.26549 0.8725 —0.0431

“ 0.19685 0.645 0.5931 0.00163 0.19838 0.5675 —0.0432

“ 0.16404 0.644 0.4505 0.00103 0.16502 0.4320 —0.0410

“ 0.13124 0.645 0.8229 0.00058 0.13179 0.83094 —0.0417

“ 0.09843 0.651 0.2117 0.00027 0.09869 0.2012 —0.0495
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163. Comparison of the proposed formula, with that oblained by Bodeau. The
experiments from which Boileau deduced his formula, are given at length in
Jaugeage des cours d’eau & faible ou a moyenne section, by M. P. Boileau. Paris: 1850.
Boileau has particularly studied the discharge in the form of weir in which the
contraction at the ends is suppressed; that is to say, the form in which the
weir occupies the whole width of the canal conducting the water to it. The
proposed formula is applicable to this case, by making n—=0. DBoileau experi-
mented on three weirs of this form; one of them was 5.30 feet in length, with
the crest 1.64 feet above the bottom of the canal; the other two were 2.94
feet in length, the crest in one being 1.12 feet above the bottom of the canal;
and in the other 1.61 feet above the bottom; the depths on the weir varying
from 0.19 feet to 0.72 feet. By a train of reasoning combined with the results
of his experiments, Boileau has arrived at the following formula for weirs of this
form : —

Q __S4+H

in which

@ —the discharge.

§=the height of the crest of the weir, above the bottom of the canal,
which is supposed to be horizontal for a short distance, upstream from
the weir.

H—the depth on the weir, taken before the sheet begins to curve in con-
sequence of the discharge.

L =the width of the canal, and also the length of the weir.

g=9.8088".

The coefficient 0.417 is determined from a mean of 14 experiments.
Adopting the English foot as the unit, and reducing, we have

— ___S+H gt
Q=33485 ;oo LHY. (4)

For this form of weir, the proposed formula becomes
Q=333zmat: (B)

H’ being the depth upon the weir, corrected for the velocity .of the water
approaching the weir.
These formulas differ so essentially that they can be conveniently compared



132 EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS.

only by applying them to particular cases. In the formula (4), as S increases
relatively to H, the factor V(—S—_—I_—S—Ii;),i—_m approaches unity, which is the limit when
8 is infinitely greater than H; in the latter case we have also, H'— H; the
formulas (A4) and (B) then become identical, excepting the coefficients, that in (B)
being 5}z less than in (A4). Hence we may conclude that for any length of
weir, and for any depth upon it, providing that the depth of the canal leading
to the weir, is very great relatively to the depth on the weir, the quantities
computed by the formulas (4) and (B) will differ y}5 only.

In practice, however, § is seldom very great, relative to H. Let us take an
example conforming more nearly to the usual cases that occur in practice. Let
‘H=1 foot, §=3 feet, L=10 feet, by the formula (4), Q= 84.552 cubic feet
per second. In the formula (B), H' is the depth on the weir, corrected for the
mean velocity of the water approaching the weir; this velocity is equal to the
quotient of the area of the section of the canal, divided by the quantity. But
the quantity itself depends on this velocity. The formula (B), if put under a
form to give the quantity directly from the measured depth upon the weir,
would become very complicated; it will be equally exact and much easier, to
find the quantity by successive approximations as follows.

1st approximation.
Assume H' =1, then @ = 33.3.
2nd approximation.
If Q—=233.3, the mean velocity of the water in the canal leading to the

weir is ﬁ(%—'?’& = 0.8326; and for the head due this velocity we have

__(0.8325)

h=""g"=0011;

a=[#+4 k) — ] =1.0103;

Q = 33.816.

A third approximation in a similar manner gives @ =—33.817.

The proportional difference of the quantities by the two formulas is about
2y, or a little over two per cent.

Boileau, in establishing his formula, assumes that the living force in the
entire section of the canal is expended in increasing the discharge over the

e e e
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weir; in the method adopted in this work for correcting the depth on the weir
for the velocity of the water in the canal, it is assumed that the living force
in the part of the section of the canal equal to the area of the orifice of dis-
charge only, is expended in increasing the discharge; as applied to a weir of
‘the form under consideration, it is clear that neither of these assumptions is
strictly true; the latter, however, appears to be the most rational, and to agree
the best with experiment.

PRECAUTIONS TO BE OBSERVED IN THE APPLICATION OF THE PROPOSED FORMULA.

164. Q=333 (L—01nH)H?E:
in which

Q = the discharge, in cubic feet per second;
L = the length of the weir;

n=the number of end contraction ;
H=—the depth on the weir;

the English foot being the unit of measure.

When the contraction is complete at each end of the weir, =2; when the
weir is of the same width as the canal conducting water to it, the end con-
traction is suppressed, and #—=0.

This formula is only applicable to rectangular weirs, made in the side of a
dam, which is vertical on the upstream side, the crest of the weir being hori-
zontal, and the ends vertical; also, the edges of the orifice presented to the cur-
rent must be sharp; for, if bevelled or rounded off in any perceptible degree, a
material effect will be produced on the discharge; it is essential, moreover, that
the stream should touch the orifice only at these edges, after passing which it
should be discharged through the air, in the same manner as if the orifice was
cut in a thin plate.

The formula is not applicable to cases in which the depth on the weir
exceeds one third of the length; mnor to very small depths. In the experiments
from which it has been determined, the depths have varied from 7 inches to
nearly 19 inches, and there seems no reason why it should not be applied with
safety to any depths between 6 inches and 24 inches.

The height of the surface of the water in the canal, above the crest of
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the weir, is to be taken for the depth upon the weir; this height should be
taken at a point far enough from the weir to be unaffected by the curvature
caused by the discharge; if more convenient, it may be taken by means of a
pipe opening near the bottom of the canal near the upstream side of the weir,
which pipe may be made to communicate with a box placed in any convenient
situation; and if the box and pipe do not leak, the height may be observed, in
this manner, very correctly (art. 175). However the depth may be observed, it
may require to be corrected for the velocity of the water approaching the weir.

The end contraction must either be complete, or entirely suppressed; the
necessary distance from the side of the canal or reservoir to the end of the
weir, in order that the end contraction may be complete, is not definitely deter-
mined; in experiments 1 to 4, table XIIL, the depth on the weir was about
1.5 feet, and the distance from the side of the canal to the end of the weir,
about 2 feet; the proposed formula applies well to all these experiments. In
cases where there is end contraction, we may assume a distance from the side
of the canal to the end of the weir equal to the depth on the weir, as the
least admissible, in order that the proposed formula may apply.

As to the fall below the weir, requisite to give a free discharge to the
water, it is not definitely determined; a comparison of experiments 49, 50, and
51, table X., indicates that, when the depth on the weir is 1 foot, and the entire
sheet, after passing the weir, strikes a solid body at about 0.5 feet below the
crest of the weir, the discharge, with the same depth, is diminished about 4%y
By experiments 1 and 2, table XII, it appears that, when the sheet passing the
weir, falls into water of considerable depth, the depth on the weir being about
0.85 feet, no difference is perceptible in the discharge, whether the water is 1.05
feet or 0.235 feet below the crest of the weir; it is very essential, however, in
all cases, that the air under the sheet should have free communication with the
external atmosphere. ~With this precaution it appears that, if the fall below the
crest of the weir is not less than half the depth upon the weir, the discharge
over the weir will not be perceptibly obstructed. If the sheet is of very great
length, however, more fall will be necessary, unless some special arrangement is
made to supply air to the space under the sheet at the places that would
otherwise not have a free communication with the atmosphere.

In respect to the depth of the canal leading to the weir, experiments 36 to
43, table XIII, show that, with a depth as small as three times that on the
weir, the proposed formula agrees with experiment, within less than one per cent.;
this proportion may be taken as the least admissible, when an accurate gauging
is required.
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It not unfrequently happens that, in consequence of the particular form of
the canal leading to the weir, or from other causes, the velocity of the water
in the canal is not uniform in all parts of the section; this is a frequent cause
of serious error, and is often entirely overlooked. If great irregularities exist,
they should be removed by causing the water to pass -through one or more
gratings, presenting numerous small apertures equally distributed, or otherwise, as
the case may require, through which the water may pass under a small head;
these gratings should be placed as far from the weir as practicable.

If the canal leading to the weir has a suitable depth, it will be requisite
only when great precision is required, to correct the depth upon the weir for
the velocity of the water in the canal by the formula (D) (art. 1563); thus, in
experiment 42, table XIIL, the water in the canal had a mean velocity of about
1 foot per second, the effect of which was to increase the discharge about two
per cent.; in experiment 82, in which the velocity was about 0.5 feet per
second, the discharge was increased about one per cent.; these examples will
enable the operator to judge, in each case, of the necessity of going through the
troublesome calculation for correcting the depth on the weir.



MISCELLANEOUS EXPERIMENTS ON THE FLOW OF WATER, MADE AT
THE LOWER LOCKS, IN NOVEMBER, 1852.

On the discharge of water over a dam of the same section as that erected by the Kssex Company, across the
Merrimack River at Lawrence, Massachusetis.

165. As these experiments cannot be usefully compared with those on weirs
of more regular form, they have not been included in table XII.; and as they
are of less general interest, they will not be given with much detail.

The form of the dam is represented by figures 11 and 12, plate XIV.
(art. 147); the other apparatus was the same as that used for the experiments
in table XIII. .

The end contraction was suppressed by making the canal leading to the
overfall of the same width as the overfall itselft The water in the hook gauge
boxes communicated only with the water contained in the spaces between the
masonry and the wood-work forming the sides and bottom of the canal leading
to the overfall; as there was a free communication between the water at A,
figures 11 and 12, and that near the hook gauge boxes, and as the water
between these places was sensibly at rest, we may consider that the height of
the water was taken at A

166. In table XVI. these experiments are exhibited in sufficient detail to be
intelligible.

CoLumys 1 and 2 require no explanation.

CoLvmn 3. The heights contained in this column are above the mean level
of the crest of the dam, which was very nearly horizontal for a distance of
2.95 feet from C' to D. These heights have not been corrected for the velocity
of the water approaching the weir; indeed, from the manner in which they
were observed, no correction was necessary.

Coromx 4. The quantities in this column have been obtained in the manner
described in the explanation of table XIIL (art. 156).

CoLuMN 6. Quantily of waler passing over the dam, calculated by the formula

Q=23.0120874%%.
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This formula was arrived at by trial of various powers of 4 and was
adopted as representing, the most nearly, the results of the five experiments in
the table; it should be distinctly understood, however, that it is not applicable
to depths much greater or less than in the experiments from which it is
deduced. In April, 1852, the depth of water flowing over the dam at Law-
rence, was 10 feet; if the quantity then passing over the dam were com-
puted by this formula, it is probable that it would be greatly in error.

CoLumn 6. Proportional difference. It will be observed that the greatest pro-
portional difference is 0.0085, or less than one per cent.; we may therefore say
with confidence, that we can compute the flow of water over the Lawrence dam,
when free from ice or other obstruction, for any depth not greater than 20
inches or less than 7 inches, without being liable to an error exceeding one
per cent.

TABLE XVI.

Time, from November 10th, 8, 87/, ». ..hth November 11th, Oa, 11/, . u.
L ol“th.m l‘iﬂ, 0 o a7 «

The air calm.
1 2 - 8 4 5 e
Mean t of the Quantity of water
surface of the water over the | Proportional difference,
Number of | Langth of the | bises. ahove tae'iop | passing over the O e formaia” | Tmceof the ety
the experi- overfall, :‘“ o}'m ?&“m 153 |, In columns 4 and
ment. ber. lﬁﬂlbhh; Q—&Omu divided by the quan
15 in column 4.
Foet. per second. In cubio feet per
A, second.
89 9.995 0.58720 13.385., 13.332 —0.0040
90 “ 0.79035 20.892 21.005 0.0054
91 “ 0.97670 28.914 29.039 0.0043
92 “ 1.82520 46.183 46.317 0.0029
93 “ 1.63380 64.346 63.804 —0.0085

EXPERIMENTS TO ASCERTAIN THE EFFECT OF TAKING THE DEPTHS UPON A WEIR AT DIFFERENT
DISTANCES FROM IT, BY MEANS OF PIPES OPENING NEAR THE BOTTOM OF THE CANAL.

167. It is often a matter of great doubt and uncertainty, to know at what
distance from the weir the depth of the water upon it should be observed;
very often also it becomes a matter of necessity to observe the depth at a dis-
tance from the weir so small that, according to some, the quantity of water

passing the weir, computed in the usual manner, would be liable to sensible
18



138 EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS.

error. For the purpose of obtaining some light upon this point these experi-
ments were undertaken, and, as they were made with all the precautions for
insuring accuracy that could be devised, they will be described with some detail

168. TFigures 8, 9, and 10, plate XIV.,, represent the form of the weir, and the
system of pipes used for these experiments. The canal leading to the weir was
of the same width as the weir, so that the end contraction was suppressed.
The pipes were of lead, about three fourths of an inch interior diameter, the
lower extremities of which, numbered from 1 to 8, were about three inches
above the bottom of the canal, and terminated in holes in the board CC; the
side of the board at.which they opened was vertical, and in the axis of the
canal ; the ends of the pipe did not project through the board; the other extremi-
ties of the pipes were fastened by small flanges to the bottoms of the hook
gauge boxes; holes were made in the bottoms of the boxes corresponding to
each pipe, and communication between the boxes and the pipes could be con-
trolled at pleasure, by plugging up these holes. It will be readily perceived
that heights of the water observed by this apparatus are not necessarily the
true elevations of the surface of the water immediately over the orifices of the
pipes, but that they are the -elevations of the surface in the hook gauge boxes;
an elevation which is due to the statical pressure on the orifice of the pipe.

169. In order to obtain the heights at different distances from the weir,
observations were necessarily made with both hook gauges at the same time,
one of which was always in communication with a pipe opening at 6 feet from
the weir, the apertures in the bottom of the box, communicating with all the
other pipes, being plugged up; at the other hook gauge, either pipe might be
in communication with the box, all the other apertures being plugged up; thus,
the depth at six feet from the weir was observed in each experiment, to be
used as a standard with which the depth observed simultaneously at any other
distance might be compared; this mode of proceeding was rendered necessary, in
consequence of the impossibility of maintaining the level of the water uniform
for any considerable length of time.

170. In considering the sources of error to which the observations with the
hook gauges were liable, it appeared that four kinds required to be specially
guarded against, namely: First, imperfect comparison of the gauges, with the top
of the weir. Second, defective stability, in consequence of which the relative ele-
vations of the gauges and the weir might not be constant. 7Zhird, errors in the
graduation of the gauges. Fourdh, the difference in the habit of observers, in
making the point of the hook coincide with the surface of the water; or, what
we may call, the personal error. In relation to the frst, we must bear in mind




EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS. 139

that the requirement here is not so much that the absolute height above the
top of the weir should be exactly determined, as that the difference of the
heights at two points, at different distances from the weir, should be determined
correctly ; if then we know the relative heights of the two gauges, the object
can be attained, even if we do not know precisely the height of either of them,
relatively to the weir. The heights of the gauges relative to each other, could
easily be ascertained at any time, by closing up all the apertures in each box,
except those communicating with pipes, numbers 4 and 5, which, it will be seen
by reference to figure 9, had a common orifice at their lower extremities; con-
sequently, the surface of the water in both boxes must have been at the same
level. The correction to be applied to the reading of one of the hook gauges,
was taken as previously determined for the experiments on the discharge over
the weir, and the correction for the other gauge, was deduced from simultaneous
observations on both gauges, when the boxes communicated with a common ori-
fice, in the manner just described. The second source of error was guarded
against as much as practicable, by making the observations for the correction
Jjust described, at nearly the same time as the experiments to which it was to
be applied. The danger of error from the fhird source was much diminished by
making the observations for the correction, with nearly the same depth upon the
weir as in the experiments to which it was to be applied. The fourth source of
error was eliminated by determining the correction separately for each pair of
observers. In short, these four sources of error were reduced to & minimum by
determining for each session of the experiments, and for each pair of observers,
the relative corrections to be applied to the readings of the hook gauges, to
give the depths upon the weir; the depths, when the observations for these
corrections were made, being nearly the same as in the experiments to which
they were to be applied.

171. In table XVIIL are given the results of the observations made for the
purpose of obtaining the relative corrections for the gauges, for each session of
the experiments, and for each pair of observers. In computing the depth upon
the weir by the north hook gauge, the correction — 0.03072 is applied to the
mean reading of the gauge, (art. 143); the mean reading of the south hook
gauge is given; as the water in both boxes is at the same height, the differ-
ence between the depth upon the weir, as determined by the north hook gauge,
and the mean reading of the south hook gauge, must give the correction for the
last named gauge.
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TABLE XVII.

N o pﬂl‘I‘:; South hook gauge, in communication with pipe No. 4, opening near the
0. b 0] comimn! jlon 0. Dear
o bodan m the weir.

near the bottom of the canal at of the canal at 6 feet
6 feet fromn the welr.
DAT., !l'lmeofboglnnlng
1863. the observation. Correction fo be | Mean correction for,
Arithmetical Arithmetical |applied to the mean| each session, and
Obeerver. mean depth on| Observer. mean reading | resding to give the each palir of
the weir. of the gauge. | depth on the weir. observers.
Feet. Foet. Foot. Foot.

November 3. 9* 18’ p.u.| Francis 1.01180 || Avery 1.03760 | —0.02580
“ “ 10 0 « “ 1.02617 “ 105875 —0.02758 | —0.02669

November 8. 11* 16’ p.m.| Haeffely | 1.00739 || Newell 1.08377 | —0.02638| —-0.02638

November 3. 9 29’ p.m.| Francis 1.01984 || Newell 1.04625 | —0.02641
“ @ 10 45 « “ 1.01073 “ 1.03716 | —0.02643 | —0.02640
“ 4, 1 47 A.m “ 1.04532 “ 1.07169 | —0.02637

November 8. 11 0’ p.M.| Francis | 1.00807 || Haeffely | 1.08431| —0.02624
“ 4.| 1 58 a.m “ 1.04734 “ 1.07350 | —0.02616 | — 0.02620

November 7 7* 50’ A.M.| Francis | 0.98775 | Avery 1.01862 [ —0.02587
“ “ 9 88 « “ 0.98555 “ 1.01195 | —0.02640
“ “ 2 7 pu “ 0.73665 “ 0.76357 | —0.02692
“ “ 8 22 « “ 1.00696 “ 1.03287 [ —0.02591 | —0.02639
. “ 8 56 « “ 1.00677 “ 1.03311 ( —0.02634
“ “ 9 28 « “ 1.00580 “ 1.08244| —0.02664
“ “«)1 10 0 « “ 0.99338 “ 1.01978 | —0.02635
“ «! 10 81 « “ 0.99294 “ 1.01961 | —0.02667

November 7. .8 4’ A.m.| Francis 0.98932 || Newell 1.01478 | —0.02546
“ “ 9 49 « “ 0.98019 “ 1.00597 | —0.02578 | — 0.02572
“ “ 2 26 p.M. “ 0.78315 “ 0.80906 | —0.02591

November 7. 9* 20’ A.M. | Haeffely | 0.99305 | Newell 1.01997 | —0.02692 | —0.02692

172. It will be perceived, by an examination of table XVII, that there are
greater irregularities in the comparisons by some observers, than in those by
others; this is to be attributed, principally, to the different degrees of experi-
ence and skill in the observers.




EXPERIMENTS ON THE FLOW OF WATER OVER WEIRS. 141

173. In table XVIIL. are given the details of the experiments, to ascertain
the effect of observing the depths upon the weir, at different distances from the
weir, by means of pipes opening near the bottom of the canal. In order to
obtain- the depth upon the weir by the mnorth hook gauge, the correction
—0.03072 has been applied to the mean readings of this gauge. The correction
for the south hook gauge is taken from the final column of table XVIIL, for
the corresponding session and pair of observers. From want of time, pipes num-
ber 6 and 7 were not made use of.

It will be perceived, by referring to the final column of table XVIIL, that
the differences in the heights, at the different distances tried, are very inconsid-
erable, and such as could be detected only by the most delicate means of
observation. |

174. Two comparisons were made in & similar manner, of the heights, when
one gauge box communicated with & pipe opening near the bottom of the
canal, and the other with a pipe opening through the side, at about 4.2 feet
above the bottom, the orifices of both being at 6 feet from the weir, as repre-
sented at B, figures 8, 9, and 10, plate XIV.; the following are the results.

First comparison, made November 7th, beginning at 3% 62/, r.m.
Francis, at north hook gauge, with pipe No. §, depth on weir 0.81616 feet.
Avery, at south hook gauge, with pipe B = & “ 0.81641 «

Difference . . . . . . . . . . . . . . .« .+ .+ o . 4000025 feet.

Second comparison, made November 7th, beginning at 4%, 5, p.m.
Francis, at north hook gauge, with pipe No. 5, depth on weir  0.81775 feet.
Newell, at south hook gauge, with pipe B “ “ 0.81776 «

Difference . . . . . . . . . . . . . .« .« .« .« .« . 4000001 feet.

These differences are so minute that we may conclude that the depth was
the same whether the pipe opened near the bottom of the canal or at 4.2 feet
above.

175. These experiments, taken in connection with those of Boileau* who
has arrived at similar results, leave no doubt as to the propriety, whenever
convenience requires it, of observing the depths upon the weir by means of a
pipe opening into the dead water, near the bottom of the canal on the upstreamn
side of the weir.

* Jaugeage des cours d’eau, by M. P. Boileau. Paris: 1830.
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TABLE XVIII.
North hook gauge. South hook gauge.
Pipo No.5 opensat Sfeet fromthe weir.| Pipe No.1 opens at 1 inoh from the welr.| Difference in the | Mean diffrence o
DA“, m “ “ g “ 10 “ [ [13 "o 8 [ 4 “ [ “ a',;lr’ ;‘w:l” m ﬁ;ﬁ‘é
m‘ an m "o 8 “ n [ 13 “ @ 4 [ 0 “ “ [ P ng at 6 “ P 4 g at 6 M
from the weir | from the weir
observation. i being the standard. being the standard
E"m:} dco rt:c'bd m Obeerver. depth
oo | Obeem e || e | Rewer.
November 3| 11* 58’ p.m.] 5 | Francis | 1.01267| 1 | Newell | 1.01321 0.00054
“ 4 0 27 aAm.| 5 “ 1.01439 | 1 | Haeffely| 1.01459 0.00020
“ 7|1 10 83 « | 5| Haeffely| 0.97530| 1 | Newell | 0.97547 0.00017 | - 0.00033
“ “( 10 44 « | 5| Francis | 0.97644| 1 | Avery 0.97683 0.00039
“ 10 56 « | & “ 0.97658 || 1 | Newell | 0.97695 0.00087
November 4 0437 A.M.! 5 | Haeffely| 1.02189| 2 | Newell | 1.02286 0.00097
« “ 128 « | 5| Francis | 1.04220| 2 | Haeffely| 1.04263 0.00043 | < 0.00050
“ “ 1 84 “ | 5| Haeffely| 1.04472(| 2 | Newell | 1.04481 0.00009
November 7| 11A48"a.m.| 5 | Francis | 0.97829| 38 | Avery 0.97883 0.00054
« “ 0 21 p.M| 5 “ 0.97734| 3 “ 0.97800 0.00066 | -} 0.00060
November 4 14 5’ A.m.| 8| Francis | 1.03882|| 4 | Newell 1.03940 | — 0.00058
. “ “« 1 11. «. | .8 | Haeffely| 1.03701( 4 “ 1.08881 | —0.00180
“ 7] 11 9 « | 8| Francis | 097501 | 4 “ 0.97677| —0.00176| —0.00153
“ “| 11 156 « | 8 “ 097579 || 4| Avery 0.97761 | —0.00182
“« «| 11 81 « | 8 “ 0.97530| 4 | Newell | 097700 —0.00170
November 7| 2448 p.u.| 5 | Francis | 0.80266] 1! Avery | 0.80811| +-0.00045
“ “ 3 0 «| & “ 0.80731 | 1 | Newell | 0.80806 0.00075 | — 0.00060
November 7 4725" p.a.) 5| Francis | 0.81346| 2 | Avery 0.81432 0.00086
“ “ 4 41 «; 5 “ 0.80972 | 2 | Newell | 0.81079 0.00107 | -}-0.00096
November 7| 8418"p.M.| 8 | Francis | 0.80984| 4 | Avery | 0.81072| —0.00088
“ “ 38 «| 8 “ 0.81362| 4 | Newell | 0.81491| —0.00129 —0.00108




A METHOD OF GAUGING THE FLOW OF WATER IN OPEN CANALS OF
UNIFORM RECTANGULAR SECTION, AND OF SHORT LENGTH.

176. Tee motion of water in canals of uniform section, and of great length,
has been successfully investigated by several eminent philosophers and engineers;
all their calculations, however, are based on certain fundamental conditions, relating
to the uniformity of the motion, either in different parts of the same section, or
in the different sections;* conditions which are not generally fulfilled in canals
of which the length is short in proportion to the other dimensions. It is a
matter of common observation, that the irregularities in the motion of water
caused by changes in the form of the channel, or in the direction of the cur-
rent, do not cease immediately after passing the cause of the irregularity. For
instance, if the water at its entrance into a canal has, from any cause, a greater
velocity on one side of the canal than on the other, the irregularity will dis-
appear only at a certain distance from the entrance, depending upon the par-
ticular circumstances; this distance may be equal only to the width of the
canal, or it may be at ten times that distance; and it is only after the water
has traversed a sufficient distance to become free from such irregularitics, that
the usual rules relating to its motion are applicable.

177. The volume of water passing a given section of a canal, is equal to
the product of the area of the section by the mean velocity, taken in a direc-
tion perpendicular to the plane of the - section; in straight canals, of uniform
section, and of great length, the motion of the water, after passing through a
certain length of the canal, becomes regular and uniform, in - which case the
mean velocity may be deduced, with considerable accuracy, from the velocity of
the surface at the centre of the canal, where the current is the most rapid.
In short canals, however, this method is rarely applicable, if much precision is
required. Various other methods have been devised for obtaining the mean

® See A Treatise on Water-Works by Charles S. Storrow. Boston: 1835. Page 24.
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velocity in such cases* affording approximations more or less peffect. It has
been frequently found convenient at Lowell, to gauge large streams of water by
causing them to flow through short rectangular canals of uniform section, and a
particular method of obtaining the mean velocity has been practised, which will
now be described.

178. A convenient part of the feeding canal is selected and lined with tim-
bers and planks, so as to make a smooth and uniform rectangular channel; this
is called & flume. The mean velocity is obtained by means of tubes, loaded at
one end, so that they may float in nearly a perpendicular position, the lower ends
just clearing the bottom of the flume; these tubes are put in near the upper
end of the flume, and from the observed paths and velocities that they assume
through & defined portion of the length of the flume, a mean velocity is deduced.
Three of these flumes are represented at figure 1, plate XL I is the flume used
to gauge the water drawn by the Middlesex Company through the penstock X
L is the flume for gauging the water drawn by the Massachusetts Cotton-Mills;
and M the flume for gauging the water drawn by the Boott Cotton-Mills; one
side and the bottom of each of the two latter flumes, are permanently attached
to the canal. Whenever a measurement is desired, the partition is put in; it is
also continued down the canal about 900 feet beyond the lower end of the flume,
or to a point just below the lower penstock, through which water is drawn by
the Massachusetts Cotton-Mills; at which point it is connected with the bank.
These two establishments are all that draw from this canal. When the partition
is in place, and impervious to water, all the water that passes the flume Z, is
drawn by the Massachusetts Cotton-Mills; and all that passes the flume M, is
drawn by the Boott Cotton-Mills. N, gratings for the purpose of equalizing, to a
certain extent, the velocity of the water entering the flumes; these are not neces-
sary in all situations. The fall at the grating is usually from 2 to 4 inches, and
the level of the water in the basin A, is raised an equal amount whenever a
measurement is made. O, floats or rafts made of planks, for the purpose of
diminishing the oscillations in the surface, caused by the gratings P and R,
timbers for the upstream and downstream transit stations; the upstream sides of
these timbers form vertical planes, marking definite parts of the flumes, in which
the mean velocities are to be measured; these timbers, and also the intermediate
timbers @, are graduated into feet, the zero points being in the axes of the

* See Weisback's Principles of the Mechanics of Machinery and Engineering. Vol. 1, ch. VIII. Phila-
delphia : 1848.
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respective flumes; this graduation is for the purpose of being able to observe the
paths of the tubes. S, gauges, placed in boxes communicating with the flumes,
for the purpose of showing the depth of water in the flumes. The times of the
transits of the tubes at both of the stations P and R, were observed by the same
" chronometer, the signals being made by an electric telegraph erected for the pur-
pose. The telegraph used for this purpose, is a very simple apparatus; the circuit
is formed by an insulated copper wire, about g% of an inch in diameter, and the
electric current is maintained by a small galvanic battery. Whenever the circuit
is broken, a small electro magnet becomes demagnetized, which causes a slight
blow to be struck on a vertical glass plate, placed near the observer, who notes the
times of the transits; apart from the precision of the results obtained by this
method of giving signals, it is quite an advantage to be able to station the
observer at some quiet and convenient spot in the neighborhood.

The tubes are cylinders, made of tinned plate, about two inches in diameter,
and of a length usually a little exceeding the depth of the water in the flume.
The elevations of every part of the bottom being known, an inspection of the
gauge S shows at once the height of the surface of the water in the flume above
the mean level of the bottom, and also above the highest part of the bottom. The
tubes are loaded with lead at one end, so as to sink in stagnant water to a depth
about an inch less than the depth of the water on the highest part of the bottom.
Whenever the level of the water is liable to vary, several sets of tubes are pre-
pared of different lengths; generally, however, at Lowell, the level can be main-
tained at a uniform height with - sufficient exactness, during the period required for
a measurement. The length of the tube is such as to project about four inches
above the surface of the water; on some occasions they have accidentally been
much longer. If the position assumed by the .tubes varied much from the vertical,
it would become sensible in such cases; it has seldom been perceived, however,
evidently because the centre of gravity of the tube is so far below the centre
of gravity of the space occupied by the immersed portion of the tube.

The operation of observing the passage of a tube is as follows. An assistant,
standing upon the float O, or on a platform in about the same situation if no float
is used, places the tube in as nearly a vertical position as he can, immerses it
to the required depth, and at any required point in the width of the canal; a
manceuvre requiring a little practice to perform it in a satisfactory manner. The
tube being abandoned to the current, reaches the transit station P, where an
observer, at the instant it passes, touches the key of the “break circuit” con-
nected with the wire of the telegraph, which causes a signal to be made in the

vicinity of the chronometer, at which the time of the transit is noted. Another
3 19
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assistant notes the distance from the axis of the flume, at which the tube passes
the upper transit station. The tube passes on to the intermediate station @,
where an observer notes its distance from the axis. At the lower station R, the
observations of the transits, and the distance from the axis of the flume, are taken
in the same manner as at the upper station P. An assistant standing on a
platform a little on the downstream side of the station R, catches the tubes as
they leave the flume.

179. In deducing the mean velocity from the observations on the passage
of the tubes, it is assumed that each tube moves with exactly the mean velocity
of the water throughout the whole depth of the canal, in the particular path
followed by the tube; the distance traversed by the tube being measured on a
line parallel to the axis of the flume. An obvious objection to this assumption
is, that the tube does not extend to the bottom, and that, consequently, a portion
of the stream in which the water has the least velocity, has no direct effect
upon the velocity of the tube, which will therefore assume a velocity somewhat
above the mean for the whole depth. Weisbach, in his Principles of the Mechanics
of Mackinery and Engineering, previously cited, volume 1, chapter VIIL, has the fol-
lowing remark, which is well founded, and has a direct relation to the subject
under consideration. “As a rule, especially with large and floating bodies, as ships,
etc., the velocity of the swimming body is somewhat greater than that of the
water; not so much because these bodies in swimming float down an inclined
plane formed by the surface of the water, but because they take none, or scarcely
any, part in the irregular intimate motion of the water; still, the variation for
small floating bodies is so slight that it may be neglected.” Again, if the water
has different velocities at different depths, it is plain that, at some parts of the
length of the tube, the water will be passing by it, causing a pressure on the
upstream side of the tube; and at other parts of ils length, the tube will be
moving through the water, causing a pressure on its downstream side; these two
pressures will generally be in equilibrium. The pressure on any point of the
tube, will, according to well-known principles, be proportional to the square of the
relative velocity of the tube and of the current, at the same point; consequently,
if we suppose the depth to which the tube is immersed to be divided into a
great number of equal lamina, we shall have the sum of the squares of the
relative velocities of all the lamins that are moving faster than the tube, equal
to the sum of the squares of the relative velocities of all the lamins "that are
moving slower than the tube. The mean velocity of the current for the whole
depth to which the tube is immersed, is equal to the arithmetical mean of the
velocities of all the lamin®. The velocity assumed by the tube, depends upon
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a different law; hence, it is evident that, generally, the tube will assume a velocity
different from the mean velocity of the stream, for the depth to which the tube
is immersed. . ‘

Although it is obvious that, whenever the velocities at different depths do not
vary much, as is usually the case in canals, the difference between the velocity
of the tube, and the mean velocity of the stream, for the depth to which the tube
is immersed, must be small; still, there is a degree of uncertainty attending it.
It is also unknown what correction to make, in consequence of the tube not
reaching to the bottom of the canal. In order to estimate the degree of accu-
racy of this mode of finding the mean velocity, and also to ascertain what cor-
rection to apply to the results of such gaugings, experiments have been made at
Lowell, on a scale of unusual magnitude. The mean velocity of the water passing
a flume, has been obtained by means of the tubes, in the manner described above;
and from this, and the known dimensions of the flume, the quantity of water
flowing through it, has been deduced. After passing the flume, the same water
was caused to flow over weirs of regular form, by which means an independent
gauge of the quantity passing the flume, was obtained, by a method known to
be sufficiently exact for most purposes. The apparatus with which these experi-
ments were made, together with the method of conducting them, will now be
described.

180. The mean velocity of the water passing the Middlesex flume, was
obtained by means of the tubes, in the manner described above. In figure 1,
plate XI, the flume is represented at 7, as it was in the four experiments made
August 15th, 1852. In these experiments the arrangements were the same, as for
the gauging of the water drawn by the Middlesex Company; excepting that the
head of the penstock H was carefully closed up, and the water passing the flume,
conducted to the gauging weirs, which were the same in all the experiments. Fig-
ures 2 and 3, plate XI, are a plan and longitudinal section of the flume and gaug-
ing weirs, as they were during the seven experiments made September b5th, 1852,
in which, the width of the flume was diminished to about 10 feet, by a partition
placed nearly in the centre.

After passing the flume, the water was conducted through the upper lock
chamber to the basin K, which had gauging weirs on three of its sides; the
total length of these weirs was 77.884 feet. The crests of the weirs were not
less than 5 feet above the highest parts of the bottom of the basin, the depths
on which were observed by means of four hook gauges attached to the posts Z,
figures 2, 3, and 4; the depths on the weirs, in none of the experiments, much
exceeded a foot. The guides XV, figures 2 and 4, were for the purpose of facili-
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tating . the change of direction of the current entering the basin K, which, it
will be perceived by reference to figure 2, had to turn at right angles to reach
two of the weirs. The quantity of water gauged at these weirs, varied in the
different experiments from 120 to 298 cubic feet per second. In gauging the
larger quantities, it would have been more satisfactory if the basin X had been
more extensive, as the change of direction in the current caused a sensible
inequality in the heights of the water, in different parts of the basin; however,
as the depths upon the weirs are deduced from observations made at the four
gauges symmetrically placed in relation to the weirs, only a slight error can have
arisen from this cause. Precautions were taken to prevent leakage between the
flume and the measuring weirs, and the change in the quantity, from this cause,
must have been entirely insensible.

Before commencing an experiment, the velocity in the flume was regulated,
if necessary, by placing planks across the lock, at the hollow quoins O; no
change whatever was made in these planks during an experiment. Figures 1, 2,
and 3, show the form of the approaches and of the gratings, at the heads of
the flumes. These arrangements had an important effect upon the relative veloci-
ties in different parts of the section of the flume, as will be explained further
on. In the experiments made August 15th, the distance between the upstream
and downstream transit stations, was 110 feet; in the experiments of September
6th, this distance was reduced to 100 feet; the change being made in the posi-
tion of the upstream transit station.

181. With a view of rendering these experiments more intelligible, the details
of the observations made at the flume, for the purpose of obtaining the mean
velocity in experiment b, are given at length in table XIX,, which contains also
the greater part of the reductions of the observations necessary, in order to find
the mean velocity.

ExpranatioN or TaBLE XIX. The greater parft of the columns are sufficiently
explained by the respective headings.

Covmnx 6. The mean distances given in this column, are found by adding
twice the distance at the middle station to the distances at the two other sta-
tions, and dividing the sum by 4.

CoLvmy 8. For the purpose of simplifying the reduction, arithmetical means
are taken of all the mean distances of the side tubes that fall between the even
feet from the centre; and the same also, with the corresponding ratios of the
velocities of the side tubes to the centre tubes. The quantities in column 8 are
represented by the diagram, figure 4, plate XV., which is reduced from the original
on a much larger scale. The mean distances are taken for the abscissas; those
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on the north side of the centre, minus; those on the south side, pius. The ratios
of the velocities are taken for the ordinates, the upper extremities of which are
connected by the broken line; the full line connects the extremities of the ordi-
nates, corrected, when necessary, for the most striking irregularities of the obser-
vations. In tracing the corrected line, a weight is attributed to the ordinates, as
they are given in column 8, proportional to the number of observations from
which they are respectively deduced; thus, the ordinate deduced from all the
observations with the centre tubes, which is taken as unity, is determined from
twenty-four observations; while the adjacent ordinates on each side are deter-
mined from a mean of two observations each; consequently, it is assumed that
the ordinate corresponding to the centre tubes, is determined with a much greater
degree of certainty than the adjacent ordinates, and in drawing the full line for
the corrected ordinates, a corresponding weight has been given to it. The ordi-
nates terminated by the full line, are assumed to represent the relative mean
velocities of the water, at distances from the centre of the flume equal to their
corresponding abscissas.

CoLvmN 9. The numerical values of the ordinates of the full line in figure 4.

CorLumns 10, 11, and 12, are for the purpose of finding the mean velocity of
the whole section, that of the centre tubes being unity. This mean will evi-
dently be the area of the figure AB CDE divided by the sum of the positive
and negative abscissas, or AB=19.98. The sum of all the partial areas in col-
umn 12, or the area of the figure AB CDE=923647, which, divided by 9.98,
gives 0.9255 for the mean velocity of the whole section, that of the centre tubes
being unity. The mean time occupied by the centre tubes in passing 100 feet,

100
9511 — 5-9826 feet per

second. The mean depth of the water in the flume during the experiment, was
8.007 feet; the mean section of the flume was, consequently, 9.98 X 8.007 =179.91
square feet; and the quantity of water passing the flume

was 26.11 seconds; they had, therefore, a mean velocity of

79.91 X 3.9825 X 0.925656 =294.5 cubic feet per second.

182. During the whole period occupied in the observations at the flume,
four observers were taking the depths upon the weirs, by means of the hook
gauges; from these observations, and the known dimensions of the weirs, the mean
quantity computed by the formula

Q=333 (L—0.12 H)HY,

was found to be 286.44 cubic feet per second, or about 8 feet per second less than



150 A METHOD OF GAUGING THE FLOW OF WATER

by the measurement in the flume; or, in other words, the measurement in the
flume, by means of the tubes, gave a result about 2i per cent. greater than the
measurement at the weirs.

The tubes used for determining the mean velocity in this experiment, ‘were
immersed 7.876 feet; consequently, there was a lamina of water,. between the
lower ends of the tubes and the bottom of the flume, of the mean thickness

8.007 —7.876=10.132 feet.

The velocity of this lamina could have had no direct influence on the velocity
of the tube; and as it is probable that its velocity was less than that of the
mean of the lamin® above it, it is fair to presume that, if the tubes had been
immersed to a sufficient depth to include this bottom lamina, it would have had
a mean velocity a little slower than was found by experiment, and the agree-
ment of the measurement at the flume, with that at the weir, would have been
nearer ; this, however, will account for only a part of the difference.

183. Table XIX. contains, also, observations with centre floatss These were
of wax, about 2 inches in diameter; the mean time occupied by them in pass
ing 100 feet, was 26.81 seconds; giving a mean surface velocity of

100

e8] — 5713 feet per second,

or a little over 6 per cent. slower than the mean velocity as deduced from the
observations with the tubes. Prony gives a formula for deducing the mean
velocity of the whole section from the surface velocity; this formula, when reduced
to the English foot as the unit, becomes*

V(V--7.78188)
“V+10.31508

=

in which V=the surface velocity, and »=the mean velocity; substituting 3.73
for V, we find

v=—23.0507 ;
giving as the quantity passing the flume,
79.91 X 3.0507 = 243.78 cubic feet per second,

which is 15 per cent. less than by the weir measurement. To such gross errors
are we liable, if we misapply the rules of hydraulics.

*See A Treatise on Water-Works, by Charles S. Storrow. Page 96. Boston : 1835,
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TABLE XIX.
DETAILS OF THE MEASUREMENT IN THE FLUME.
1 P ] 3 4 5 (§] i 8 9 10 | 11 12
Height,
Time of the transits occu- of the ' Mean value of the Differ
in' Distance, northerly or Mean surface distances from the
Beptaaber 6, 1862 .. Diog et suthrly from she midlof dtance f the: 0T of e e u...o:"i‘i.';"'l
'theup- veloclty' the flume, at which the tabe) ieer peithr the velocities of the|rtios of ',:',":, dis-
\stream: of the | or float, passed the several | float, ,flume,| fide tubee, for the "¢y ve. | ratioe, | from . Ares
-m:x:l mn:; stations. m:‘ the above ':g::mm- locities,’ orof | the  petween
Description of | Tyme of pass- | Time of pass- o 'to tho e | ten [centre of the flume.|qy whore pate of | of the cach pair of
the tube or float.! ing the ing the |stream| mean flume, | level necessa- adjacent ﬂume,l adjacent
P dow | o dis-’ ';lto:::ey ;1:-1 p:: otton cﬁ?ﬂi n::-’-ml“cm ordinates.
station. etation. | tance | centre Upsf.mm' Middle | Down- | sage. |of the Dnl;:neul of Sem. | the dia- pov.r4
of 100 | tubes. 4 tath ¢ flume. the Ratlos gram. . ordi-
foet. station. centre. mu':; nates.
H. m.' sec., ll.:m.' nel sec. Feet Feet. Feet. Feet, | Feet. Feet. Feet.
| | 199 N.| 0782/ 0.782
Side tube | 6 2,17.2 6 2 44.6' 27.4 0.916 5.0 N.' 4.0 N.! 3.5 N.: 4.1 N.| 7.98
Centre float, | 8 52.7 “| 4/21.1 28.4 30| —— |24 « I 2.7 ¢ |—— 0.831; 0.69 0.57339
Centre tube| | 4 88.8 «| 5| 4.1 25.3 088S./05S./0.4S.10.5 S.| 8.00
| 4.30 N.| 0.880| 0.880
Side tube | 6 5|21.7 6 5I52.9 31.2, 0.805 4.8 N.l 4.8 N.' 4.5 N.| 4.7 N.: 8.01
Centre float( “| 6,12.6 “| 6 38.2 25.6 1.0 « 3.8« |24« , 8.01
Centre tube| “| 6 53.2| | 7/18.7| 25.5 0. 0.2 N.| 0. 0.1 «' 8.00
Side tube | 6| 7{43.6/ 6 81 10.2| 26.6] 0.944| 4.8 N.| 3.8 N.| 3.3 N.| 3.9 N.| 8.01
Centre float| “| 8,27.2|«| 8 53.2[ 26.0f - |05 S. 2.7 % 1.1 «| 8.01 0.909| 0.45, 0.40905
Centre tube] “| 9/11.1/ “| 9 36.2| 25.1 0.2« — (1.6 «|0.7 «|8.02
Side tube | 6/ 9/53.8| 610 20.2| 26.4| 0.951| 4.0 N.j 3.8 N.[ 4.0 N.| 3.9 N.! 8.02
Centre float| ©“|10|34.2( “{11| 0.4| 26.2 0.5 S. 2.5 % (1.0 «|8.01
Centre tube| “{11{16.2| “ |11 40.6| 24.4 0.2N./ 0. 0. 0. 8.00
| 3.85 N.| 0.938 0.938
Side tube | 6{12| 0.8! 6,12 27.6| 27.3| 0.920] 4.0 N.| 40 N.! 43 N.[ 41 N.| 8.01
Centre float| “|12{42.7| ¢ 13‘ 9.2| 26.5 1.0 « 2.8 «|1.6 «| 8.00
Centre tube| “[18{25.9| «|18 51.1| 25.2 0.2 S.|0.2N.[ 1.3 «|0.4 «| 8.00
Side tube | 6/14] 4.9 614 31.1| 26.2/ 0.958| 3.8 N.| 4.0 N.! 3.4 N.| 3.8 N.| 8.00
Centre float| *|14|45.5| « 15= 18.3| 27.8 0. ——10.48.|0.28.! 8.00 0.965| 1.75 1.68875
Centre tube| “[15]{29.2; |15 54.6| 25.4 0. 0. 0. 0. 7.99
Side tube | 6i16/18.7| 616 41.6| 27.9( 0.900{ 3.2 N.| 4.0 N.| 4.0 N.| 3.8 N. 8.00
Centre float| “{16]/57.9 “;17 27.0] 29.1 8.5 ¢« 3.2 «|8.38 «|8.00
Centre tube| “|17(45.6! «:18 10.6| 25.0 0.5 “|{0.2N.[ 1.0 “[0.5 «| 8.00
. l 2.10 N.| 0.981| 0.992
Side tube | 6,18!40.2 6|19 5.8 25.6/ 0.981| 3.0 N.! 1.8 N.| 2.0 N.| 2.1 N.! 8.00
Centre float| “[19/21.9| « 19 51.6| 29.7 1.0« (3.8 « 33 «|8.0«]8.01
Centre tube| “[20| 6.8|%|20 31.7| 24.9 0.5 %102 %09 “|0.4 «“|799
- 1.000| 0.55 0.55000
Side tube | 6(20]/48.6! 6,21|18.9| 25.8| 0.992| 2.0 N.| 1.5 N./ 2.3 N.| 1.8 N.| 8.00
Centre float| “|21|381.0, « 21|57.5| 26.5 1.8 ¢ | 4.2 « |27 «[38.2 ¢« 8.00
Centre tube| “(22(11.9{ « 22 36.2; 24.3 0. 0.5 «088S.]|0. 8.01
1.55 N.| 1.010{ 1.009
Side tube | 6/22|51.6| 6!23 15.8| 24.2| 1.088| 1.0 N.: 1.0 N.! 0.2 N.! 0.8 N.| 8.02
Centre float| «|23{31.8| «|23 55.4| 24.1 0.5 %105 «|1.08S.]0.1 «| 8.02
Centre tube| “|24/14.2| «|24 89.1| 24.9 0.2 %15 “|20N.| 1.3 «| 8.03
1.011} 0.70, 0.70770
Side tube | 6'27| 8.2| 6.27 32.6| 24.4| 1.029| 0.6 N. 1.8 N.[ 1.0N.! 1.3 N.| 8.04
Centre float; “[27(47.2| “|28 13.6| 26.4 0.5« 120 « |28 «|1.8 «| 8.03
Centre tube; “|28!30.6, «|28 56.4| 25.8 1.0S.1.8S.|1.2S.| 1.4 S.| 8.02
0.85 N.| 1.021| 1.014
Side tube | 629/18.7| 629 38.7| 25.0| 1.004; 1.1 N.[ 1.0 N. 0.6 N.[ 0.9 N.| 8.02
Centre float| #|29,57.3, « |30 23.6| 26.3 2.08.10.58. 2.6S. 1.48.] 8.00 1.007 0.58; 0.53371
. Centre tube “'30| 38.4| “ 3li 3.8| 25.4] | 0. 1.0 N.l 1.8 N.| 09N, 8.01

#* Half the width of the flume.

#*% By scale from the diagram.

20
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TABLE XIX—Coxtixvep.

1 3 4 5 6 7 8 9 10 |11 12
Time Helght Mean value of
) pol:“l.n Distance, northerly or | Mean ”m distances m":m em
|passing| Ratio therly from the middle of | dist of the | centre of the flume, Mean of| the
“ 1| of the 7 of the | water | 8nd of tho ratios of | Mean | each | dis-
p-| velocity the flume, at which the tube| ¢uhe or | in the |thie velocities of the'ryting of pair of | tance
m| of the | or float, passed the several ﬂo‘:ﬂe flume, :“’ ";:;ﬁ"m the ve- | ratios, | from Area
o] nbos. Staticns. [oomer o | “the- | evem oot from the | ogrect’| each | comere| "™
thmp?ﬂ:n | tothe ﬂt.ho mﬂ centre of the flume.|od where! pair of of the |o8ch pair of
a ’m V:I'oe:;:y dm’. of the W%" &‘:‘i.:' mm,,,,.‘
.d‘; ;fnlhe - long ‘of the | Distances koo n‘th:.lh .dhtf i
otf";OO tub::!. U."'.'."uf,:"' w: .I‘)o:; fage. flume. from the (Ratios of] - gram. :::S-
_ _| feet. station. centre. | the re- Dates.
H. m.| sec. |H sec Feet. Peet. Feet. Feet, | Feet. Feet. Feet.
. .
' 0.32 N.{ 1.000] 1.000
Side tube | 631/28.7| 6 25.6/0.981/0.5 S.' 0.5 S.{1.0S.] 0.6 S.| 8.02
Centre float| “|32]10.8| « 0] 26.2 1.0 « | 1.5 N.' 3.9 N.| 1.5 N.| 8.02 0.991} 0.62] 0.61442
Centre tube| “(32/49.5| « 6| 25.1 0. 0. 0.38S./0.18.] 8.02
| 0.30 S.|1.001{ 0.982
Side tube | 633/34.2| 6 .1/ 26.9/0.983/1.5S.|1.8S.|1.5S.| 1.6 S.| 8.02
Centre float| |34/ 16.6] « 2] 29.6 0. 0.5 «|0.8N.| 0. 8.00 0.964{ 1.80| 1.25320
Centre tube| “{34.59.9 ¢, 0] 25.1 0.2N.[1.0N.' 0.6 “ | 0.7 N.| 8.00
‘ 1.60 S.| 0.935| 0.946
Side tube | 6:35/46.6] 6 2| 24.6/ 1.021] 1.0 S.[ 0.5 N.' 0. 0. 8.00
Centre float| “ 36, 27.2| « 7] 26.5 0.5 1.0 “|0.5N. 0.5N.| 8.00
Centre tube| “[37|11.2 « 7] 25.5 0.2 «|0.88S./0.4 “ |03 S.| 8.00
- \
Side tube | 637|54.1] 6 9| 26.8/ 0.937| 2.0S.]1.5S.{1.5S.| 1.6 S.| 8.01
Centre float| « |88/ 39.7| « 0] 26.3 1.0N./ 0.5 « | 1.2 N.| 0.3 N.| 8.01 0.917|1.72 1.57724‘
Centre tube| ©[39| 22.6| « 25.5 0. 0. 0. 0. 8.00
Side tube | 6/40| 1.7| 6 1 28.9/0.869/3.5S.!8.28.!8.5 S.[8.88S.| 8.00
Centre float| “|40|47.9| « Jd| 248 0.2N. 2.0N.' 2.5 N.[1.7N.| 8.00
Centre tube| “|41|26.8] « 2| 25.4 0.5 « 0. 0.1S./0.1 «| 8.00
3.32 S.| 0.889| 0.889
Side tube | 6{42 9.7/ 6 2] 28.50.881/3.0S.'8.5S./3.48S./3.38S.| 8.00
Centre float| ¢|42|55.7| « 4| 25.7 0.2N. 3.2 N.! 1.0N.[ 1.9 N.| 8.00
Centre tube| “|43|37.7| « J1{ 25.4 0. 1.0 | 1.8 0.9 «| 8.00
Side tube | 6(44{17.4| 6 .11 28.7/ 0.875/ 4.0S./8.5S.:8.28S./ 8.5 S.| 8.00
Centre float| “|45| 1.2« 8| 25.6 0.5N. 0. 1.0N. 0.4 N.' 8.00
Centre tube| 45| 42.3 « J) 244 0.1«|0.5N. 0. 0.3 «| 8.01
0.841| 0.90, 0.75690
Side tube | 6/46|25.6 6 .1/ 88.5/0.750| 4.8 S.| 4.2 S.1 42 S.[ 4.8 S.| 8.01
Centre float| “|47|21.1{ « 9] 32.8 1.0 | 4.2 « 2.0 “|28 «|8.01|
Centre tube| (48] 10.6| « 4| 24.8 0.2N. 1.0N.' 0.8 N.| 0.7 N.| 8.01
Side tube | 6{49]46.6| 6 3.6/ 27.0/ 0.980, 3.8 S.13.08S.13.2S.|3.2 S.| 8.01
Centre float| «|50]29.2| « 1] 23.9 0.5N./ 1.2N. 20N. 1.2N.! 8.02
Centre tube| «|51|24.2) « 3| 24.1 0.5« [1.5 %« 0.8 «[1.1 «|8.01
4.22 S.! 0.794. 0.794
Side tube | 6(52| 9.2| 6 2E 40.6| 31.4/ 0.800| 4.5 S.'4.2S./4.08S.{4.28S.] 8.01
Centre float| “|53| 2.7|« 3 27.1| 24.4 0.5N. 1.7N./ 0.6 « | 0.8 N.| 8.02
Centre tube| “[54]23.3| « 4. 48.5| 25.2 10.4 « 0.8 «|1.0N. 0.7 «| 801
Side tube | 655 9.7| 6 5 39.7/ 80.0| 0.837 488S./1408S.|338S.| 4.0 S.| 8.02
Centre float| “(55|54.2| « 6 21.2| 27.0 1.0N./ 0.8 « | 1.8 N.' 0.3 N.| 8.00 0.743! 0.77| 0.57211
Centre tube| |56/ 82.2| « ‘6‘57.6 25.4 0.3« |2,0N. 2.0 «|1.6 «| 8.00
Side tube | 6/57|17.7 6!57; 49.5! 31.8/0.790, 4.8 S.[ 4.5 S. 3.8 S.| 4.4 S.! 8.00
Centre float| «|38| 8.7| «|58 31.8' 28.1 1.0 « 10, 1.2N, 0. 8.00]
Centre tube, |58 49.1| «159: 14.7; 25.6 0.5«[088S.°0.9 «“|038S.|8.00 e | Soe
| I 4.99 S. 0.692, 0.692

#* Deduced from all the obscrvations with the centre tubes. #** Half the width of the flume. #*% % By scale from the diagram.
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184. The principal results of all the experiments made to compare the
measurements at the flume with the measurements at the weirs, are given in
table XX. It will be seen, by the final column of the table, that the greatest
difference is in experiment 7; in which the flume measurement is in excess,
about 4 per cent. In experiments 10 and 11, the flume measurement gives a
less quantity than the weir measurement; comparing all the results, however, we
may say, lst, that, generally, there is a small excess in the results of the flume
measurements, over that by the weirs; 2nd, that this excess increases with the
velocity in the flume; 3rd, that the excess increases also with the difference
between the length of the immersed part of the tubes, and the depth in the canal.

TABLE XX.

Ratio of Ratio of

the depth the mean | Quantity of /Quantity of| Proportional
Mean | Length | of tho Mean | velocity | water pass- water pass- 'difference, or the
Num- depth of | of the | water in | velocity | of the ing the ing the | abeolute differ-
ber of Width of | the water| immersed|the flume,| of the centre flume, flume, ac- | ence divided by
Date and time, 1852. the flume.| in the tE.ﬂ. of | tothe centre | tubes, to ding ding to | the q it
peri - flume. tube. | length of | tubes. |the mean| to the the welr according to
ment. the im- velocity |flume meas-| measure- the flume
muuod} m urement. ment. measurement.
Feet. FPeot. Feet. tube. | Feet per | section. | Cubic feet | Cubic feet
second. per secnnd. | per second.
August 15th.
1| 6* 0/amto 826" a.m.| 20.02| 7.994| 7.875| 0.985 | 1.844 | 1.029 | 803.78 | 298.33 | — 0.0179
2, 946 « « 0380 p.M.| 7.999| 7.750 | 0.969 | 1.832 | 1.043 | 306.08 | 297.25 | — 0.0288
3 149 pou. % 852 « “ 7.999 | 7.875| 0.984| 1.159 | 1.041| 193.22 | 191.18 [ — 0.0106
4| 426 « « 680 « “ 8.000 | 7.750 | 0.969 | 1.171| 1.043 | 195.64 | 191.46 | —0.0214
September 5th.
5( 6 2 A to 6459 a.m.| 998 8.007| 7.875| 0.984 | 3.982 | 0.925 | 294.49 | 286.44 | — 0.0273
6| 880 « « 922 « “ 8.002 | 7.750 | 0.969 | 8.970 | 0.987 | 296.97 | 285.79 | — 0.0376
-7 9 57 « « 1047 « “ 8.004| 7.500 [ 0.937 | 4.003 | 0.932 | 298.03 | 285.72 | — 0.0413
81125 « « 037 pM.| ¢ 8.004|.7.875| 0.984 | 2.600| 0.950 | 197.23 | 195.63 | — 0.0081
9 2 4 M4 815 « “ 8.003 | 7.750 | 0.968 | 2.620 | 0.951 | 199.06 | 196.75 | — 0.0116
10| 426 « « 5 87 « “ 8.004 | 7.875| 0.984 | 1.552| 0.962 | 119.80 | 120.64 0.0112
11 547 « « 621 « “ 8.008 | 7.750 | 0.968 | 1.557 | 0.966 | 120.13 | 120.65 0.0043

Note. August 15th the temperature of the water was about 75° Fahrenheit; and September 5th the
temperature of the water was about 74° Fahrenheit. On both days there was but little wind.

185. The experiments in table XX. are not sufficient to enable us to deter-
mine, generally, the correction or coefficient to be applied to flume measurements,
in which the mean velocity is determined by means of loaded tubes, in order to
make them agree with measurements by means of weirs of regular form; they
are, however, sufficient to enable us to estimate the amount of correction required
in the ordinary cases that occur in practice, without being liable to errors of much
importance. This method often presents such great convenience for gauging large
streams of water, that it is very desirable that further comparisons should be
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made. This method may be extended to gaugings of rivers or canals of other
forms of section. In almost every river, a short length may be found free from
“eddies or countercurrents, in which the section is uniform, or which may readily
be made so, by filling up small inequalities. The length may be very short, if
suitable arrangements are made for observing the transits, and in rivers of ordi-
nary velocity, a length of 20 or 30 feet would generally be sufficient. It would
be necessary, before the observations were commenced, to make a correct section
of the river, in order that tubes or loaded staves of suitable lengths, may be
prepared, and used in the proper places. The particular arrangements for observ-
ing the paths of the several tubes, would depend upon the locality, and could
seldom offer much difficulty. The matter requiring the greatest precision, is the
observation of the times of the transits. In gauging large rivers, regular transit
instruments, or large theodolites, properly placed and adjusted, would be convenient,
which in connection with an electric telegraph, and an observer accustomed to
noting time to the nearest tenth of a second, according to the manner of astrono-
mers, would usually afford sufficient precision, even if the stations were only a few
feet apart.

186. Figure 2, plate XV, is a reduced copy of the diagram of the relative
velocities in experiment 1, table XX. The peculiar inflection of the full line, ter
minating the corrected ordinates, is common to all the diagrams of the first four
experiments, and appears to have been caused principally by the arrangement of
the grating, the apertures in which were made unequal, with a view of equaliz-
ing the velocity of the water, as it entered the flume. Owing to the peculiar
situation of the flume in relation to the canal, this velocity would otherwise have
been considerably greater on one side than the other; the unequal distribution
of the apertures in the grating removed in a great degree the inequality alluded
to, but was the cause of another, in consequence of which, the velocity in the
centre of the flume was less than in some other parts of the width. In the
experiments with the flume reduced in width, the grating was differently arranged
(see figure 2, plate XI), and no such inflections are perceptible in the correspond-
ing diagrams.

187. This method of gauging the flow of water has been applied at Lowell
on a very large scale; it was first adopted in the general measurement ordered
by the Directors of the Proprietors of Locks and Canals on Merrimack River, in 1852
The system of making the observations and reductions was similar to that just
explained. Figure 1, plate XV, is a diagram of the observations with the tubes
made July 16th, 1862, at the flume M, figure 1, plate XI, for the purpose of
gauging the water drawn by the Boott Cotton-Mills from this canal. The width
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of the flume was 28.81 feet; the mean depth of the water in the flume, 8.098
feet; giving a section of 233.30 square feet; the mean velocity throughout the
flume deduced from the observations with the tubes was 0.897, that of the centre
tubes being unity. The mean velocity of the centre tubes was 2.937 feet per
second; the ratio of the depth of the water in the flume, to the length of the
tubes was 0.990. Krom these data the quantity of water that passed the flume
is computed as follows: —

233.3 X 2.937 X 0.897 = 614.63 cubic feet per second.

Deduct for the estimated excess of
the flume measurement over and above
a weir measurement 14 per cent. 922 ¢« « « o«

Total that passed the flume . . . 60541 ¢« ¢« « «

It will be seen by referring to the diagram figure 1, plate XV., that the
greatest velocity was not in the centre of the flume. The relative velocities were
much modified by the grating at the head of the flume; without the grating
the velocity was the greatest near the partition, and very slow near the opposite
side of the canal; by a particular arrangement of the apertures in the grating,
the relative velocities in the flume were entirely changed.

Figure 3, plate XV,, is a diagram of the observations with the tubes, made
between 1* 48" and 4* 24’ p.m, July 23, 1852, at the flume Z, figure 1, plate XI,
for the purpose of gauging the quantity of water drawn by the Massachusetts
Cotton-Mills. The width of the flume was 36.63 feet; the mean depth of the
water in the flume was 8.402 feet, giving a section of 3807.77 square feet; the
mean velocity throughout the whole section of the flume, deduced from the
observations with the tubes, was 0.969, that of the centre tubes being unity; the
mean velocity of the centre tubes was 3.635 feet per second; the ratio of the
depth of the water in the flume, to the length of the immersed part of the tubes,
was 0.984. From these data, the quantity of water that passed the flume is
computed as follows: —

307.77 X 3.635 X 0.969 = 1084.06 cubic feet per second.

Deduct for the estimated excess of
the flume measurement over and above
a weir measurement 2.4 per cent. 2602 « « @« o«

Total that passed the flume . . . 105804 « « « «
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The inflection in the full line terminating the corrected ordinates, is caused
by the unequal distribution of the apertures in the grating; by which means it
was attempted to equalize the velocities, in different parts of the flume, but which
was not attended with complete success. With this method of obtaining the
mean velocity, complete uniformity is not essential, although it is fair to presume
that the results will be the more accurate, according as the velocities in different
parts of the flume are more uniform.

END.
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